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EXPRESSION AND CELL SURFACE RE-ENGINEERING OF
THROMBOMODULIN ON MACROPHAGES

MALLORIE L. BORON

ABSTRACT

Thrombomodulin (TM) is a transmembrane glycoprotein that is primarily
expressed on the surface of endothelial cells, where it serves as a receptor of thrombin for

protein C activation, which regulates coagulation and inflammation. Research has revealed
that TM is also expressed in immune cells, including monocytes and macrophages,

however, its function is unclear. In this dissertation study, the TM expression in THP-1
monocytes upon their differentiation to macrophages was profiled.
Due to the beneficial roles of TM, the protein has caught the attention to be used as
a therapeutic. A recombinant form of TM can be expressed that contains EGF-like domains

4-6 (rTM456) and this form, TM acts as pure anticoagulant while retaining the ability to
activate protein C. However, this recombinant form has poor stability in vivo when left
unmodified. Macrophages can be used as drug and antigen delivery carriers and can be

directed to sites of inflammation. Modifying rTM456 to allow it to be incorporated into the

membrane of macrophages may help with its stability and allow it to be deliver to sites of
inflammation. One way to modify cells is lipid fusion by using lipid anchors that insert into

the plasma membrane through hydrophobic interactions. In this dissertation, cell surface
re-engineering of macrophages with rTM456 was investigated via a lipid fusion approach.

First, the expression levels of TM were measured on THP-1 monocytes and
macrophages. Using confocal microscopy and flow cytometry analysis, it was found that

iv

THP-1 monocytes express more TM on their cell surface compared to macrophages. It was

also determined that THP-1 monocytes express more total TM, as determined by western

blot and ELISA analysis. Western blot and ELISA data also revealed that monocytes shed

significantly more TM into the culture medium when they are undergoing differentiation
into macrophages versus resting monocytes. Despite expressing less TM on their cell
surface, THP-1 macrophages were able to convert more protein C to activated protein C.
Second, the anchoring efficiency of different lipid anchors for future cell surface

re-engineering applications using a lipid fusion approach was investigated. Two different

anchors were selected for this study, DSPE-PEG2000-Biotin and Cholesterol-PEG2000-

Biotin. To determine anchoring efficiency, RAW 264.7 macrophages were incubated with
different concentrations of DSPE-PEG2000-Biotin or Cholesterol-PEG2000-Biotin and
tagged using streptavidin-FITC as a probe. Surface anchoring was determined using

confocal microscopy.

The

cholesterol-based

anchor showed

drastically better

incorporation efficiency than DSPE. In addition to incorporation efficiency, the membrane

residence time of Cholesterol-PEG2000-Biotin was shown to have a concentration
dependent loss of anchor from the cell surface with an overall retention half-life of 1hr.

Last, a cell surface re-engineering strategy was developed for conjugating rTM456
to the surface of RAW 264.7 using a lipid fusion approach. Using a sortase A mediated
ligation reaction, an azide was incorporated to the C-terminal end of the protein. This azide

was used to attach a DBCO-terminated cholesterol anchor using copper free click
chemistry. The anchoring efficiency of the afforded rTM-PEG2000-Cholesterol was then

tested on RAW 264.7 macrophages. Confocal microscopy analysis showed that the rTM

v

conjugate could successfully anchor itself into the cell membrane. The insertion also causes
little toxicity to the cell.
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CHAPTER I

INTRODUCTION

1.1 Thrombomodulin
1.1.1 Discovery and Expression of Thrombomodulin

Thrombomodulin (TM) was discovered in 1981 by Esmon and Owen.1 The first
hint of thrombomodulin came from a 1980 study where a cofactor for antithrombin III was

seen on endothelial cells that caused the rapid inactivation of thrombin.2 TM was later
isolated from rabbit lung samples in 1982 by using affinity chromatography using a
thrombin-agarose stationary phase.3

Since its original identification as an endothelial cell protein, TM has been found

on a large variety cells and organs. Cells that have been proven to express TM are
macrophages, monocytes, platelets, neutrophils and mesothelial cells.4-7 In addition to

being a membrane bound protein, both active and inactive forms of TM have been found
circulating in the blood and in urine.8 These circulating forms of TM lack the
transmembrane domain and are a result of being cleaved, not excreted, from the cell
membrane.9

1

1.1.2 Structure of Thrombomodulin
In its complete form, TM is made up of 557 amino acids to give it a total molecular

weight of about 74kDa.10 TM has various functions in the body and these functions can be
attributed to the different domains that make up the protein. There are five total domains
that make up the total structure of mature TM. Starting from N-terminus these domains are
the lectin-like domain (TMD1), epidermal growth factor (EGF)-like domain (TMD2),

serine/threonine-rich domain (TMD3), transmembrane domain (TMD4) and a cytosolic tail

(TMD5) (Figure 1.1).10

The lectin-like domain of TM is similar in structure to C-type lectins but lacks a
calcium-binding site. This domain is involved in inflammation, tumor growth and cell

adhesion. This domain exerts anti-inflammation actions by binding pro-inflammatory
stimuli before they can reach their target. These include lipopolysaccharide (LPS) and
high-mobility group box 1 protein.11,12 For its role in cell adhesion, the lectin-like domain

can bind to fibronectin of the extracellular matrix.13 It has also been demonstrated that
cancer cells can downregulate surface TM expression and this can lead to an increase in
metastatic potential.14 In addition, the TMD1 domain also contains N-linked glycosylation
sites.

The TMD2 domain of TM contains six EGF-like repeats and is the location for
TM’s anticoagulation and fibrinolysis functions. These functions are allowed by TM’s

ability to activate protein C, for anticoagulation, and thrombin activatable fibrinolytic
inhibitor (TAFI) activation, for fibrinolysis. Both of these processes require thrombin,

which requires EGF45 for binding.15,16 It has been elucidated that the minimum binding

for protein C activation is EGF456 while thrombin-activatable fibrinolysis inhibitor (TAFI)
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activation requires EGF3456.17-19 In addition to the coagulation functions of TM, the
TMD2 domain of TM has been shown to have mitogenic activity, although the exact

repeats needed for this activity is unknown.20,21
Next, the TMD3 domain is a serine/threonine-rich domain, which contains

attachment sites for chondroitin sulfate.22,23 The chondroitin sulfate moiety of TM is
important for the enhancement of protein C activation by the thrombin-thrombomodulin

complex.24,25 Lastly, it has been demonstrated that this domain can help stabilize TM in

vivo as recombinant versions of TM that only displayed TMD1 and TMD2 experienced
rapid clearance.26

The last two domains of TM are the transmembrane domain of TM, TMD4, and the

cytosolic tail, TMD5. The TMD4 domain anchors TM to the cell surface and classifies TM
as a type I membrane protein.27 The TMD5 domain is a small cytoplasmic tail region that
plays a role in TM’s ability to multimerize.28,29 Mice expressing a mutated form of TM

where TMD5 was missing did not shown any significant abnormalities, suggesting that the
cytoplasmic tail is not required for normal embryonic growth and overall survival.30,31

3
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FIGURE 1.1: Structure of Thrombomodulin. Adapted from [45]
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1.1.3 Biological Roles of Thrombomodulin

The most recognized function of TM is its participation in the balance of
hemostasis. TM can act as both an anticoagulant and procoagulant factor. TM

accomplishes its role of an anticoagulant by regulating thrombin. Free circulating thrombin
acts as a pro-thrombotic agent. Thrombin exerts this role through activating coagulation

factors, such as Factors V and VIII, fibrinogen and platelets.32 In the presence of TM,
thrombin forms a high-affinity complex with TM. When this complex is formed,

thrombin’s anion-binding exosite (ABE1) is blocked, which is required for thrombin’s

procoagulant proteolytic activity.33,34 However, thrombin can now activate protein C, to
create activated protein C (APC), circulating in the blood. APC acts as a protease and can

inactivate procoagulant factors Va and VIIIa when in the presence of protein S.35,36
Opposite its ability to act as an anticoagulant factor, TM can also act as a
procoagulant. This ability is executed by TM’s ability to activate TAFI, which can slow
down the removal of fibrin.37 TAFI is a carboxypeptidase proenzyme that is produced in

the liver.38,39 When activated by the TM-thrombin complex, activated TAFI (TAFIa)
cleaves terminal lysine and arginine residues from fibrin. This process removes positive

charged residues from fibrin clots and hinders fibrin’s cofactor role in the activation of

plasminogen, which ultimately retards clot lysis.40
TM can also act as an anti-inflammatory molecule thanks to its lectin-like domain.41

In addition to the anti-inflammatory properties of the lectin-like domain, TM’s ability to

activate protein C also contributes to its overall role as an anti-inflammatory molecule.
Once activated, APC can inhibit monocytes’ and macrophages’ abilities to produce of

TNF-a and tissue factor.42,43 APC has been shown to protect and help lessen the effects of

5

sepsis, a disease associated with hyper-inflammation, in mammals.44,45 A recombinant

form of APC was marketed by Eli Lilly as an approved treatment for sepsis in 2001 but
was later withdrawn for efficacy issues in 2011.46
TM has also been shown to exhibit anti-proliferation activity. Anti-proliferative

activity has been seen with smooth muscle cells, endothelial cells and tumor cells. It has
been shown that overexpressing TM in the common femoral artery of rabbits slowed down
neointima formation after injury.47 In endothelial cells, TM was shown to regulate the
thrombin-induced ERK pathway, which plays a role in cell proliferation.48 TM’s influence

on thrombin-induced proliferation has also been further confirmed in HUVEC cells.49,50
Recombinant TM containing all extracellular domains has also been shown to inhibit

thrombin-induced proliferation in smooth muscle cells and suggests a possible future

therapeutic for helping prevent or control restenosis after angioplasty.51 In tumor cells,
down-regulation of TM has been implicated with the tumor’s increased ability to

proliferation and invade tissue.52 The lectin-like domain and cytoplasmic domain has been
implicated as the domains involved in TM’s involvement in tumor progression.53

Lastly, TM shows the ability to act as a cytoprotective agent. These cytoprotective

activities can either be APC-dependent or APC-independent. The APC produced by the
thrombin-thrombomodulin complex mainly exerts its cytoprotective effects by interacting
with protease receptor-1 (PAR-1).54 When bound to endothelial protein C receptor (EPCR),
APC can activate PAR-1 which can block p-53 mediated apoptosis and

provides

endothelial barrier protection.55,56 APC-independent cytoprotective activity of TM has
been explored by treating HUVEC cells with a recombinant form of TM. It was found that

rTM induced expression of the antiapoptotic protein myeloid cell leukemia-1 and also
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protected against cyclosporine-induced apoptosis.57
1.1.4 Thrombomodulin as a Biomarker for Disease
When endothelial cells are injured, TM is found circulating in plasma and urine in

a soluble form known as soluble thrombomodulin (sTM).8 The soluble form of TM does

not contain the transmembrane domain due to the site of cleavage by proteolysis or

oxidative stress.58,59 Levels of sTM have been linked to increased mortality and have been
correlated to the extent of endothelial cell damage.60,61 Soluble TM consists of fragments

of different molecular weights. The different molecular weights of sTM may vary in

diseases that cause endothelial cell damage.62 The levels of sTM in plasma can be related
to inflammation due to different diseases or after trauma. Changes in the levels of sTM can
be used as a biological marker for several diseases and traumatic injuries.

Further

understanding of sTM and the methods used to measure sTM levels could be used to
understand its significance and role in other diseases and be used to predict the severity of

diseases. Many researchers have now looked at TM as a biomarker for diagnosis and
tracking of different diseases. Some of the most commonly studied diseases are pre
eclampsia, diabetes and sepsis.
Pre-Eclampsia (PE) is a condition that complicates a small percentage of

pregnancies where there is the onset of non-preexisting hypertension and multiple organ
failures.63,64 Though the etiology of PE has been difficult to fully elucidate, it is accepted
that the starting site is the placenta.65 Despite knowing the initial cause of PE, it has been

accepted that endothelial cell injury and dysfunction plays a role in the pathogenic changes

in PE.66,67 TM is present on syncytiotrophoblasts and the endothelium of the vasculature
that covers the trophoblastic surface.68,69 In fact, TM is the main mediator of the
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anticoagulant system in the placenta.70 TM can be cleaved from the endothelium surface
by factors such as oxygen radicals and inflammatory proteases.58 PE patients have

displayed an up-regulated antioxidant system and increased oxidative products, suggesting

an increase presence of oxygen radicals.64,71 In addition to PE being a hypercoagulative
state, it also is associated with hyper-inflammation.72,73 With these clinical features in
mind, it enforces the idea that TM could be a useful biomarker for the development of or
severity of PE.
Overall with PE, levels of TM are increased in the blood compared to normotensive

pregnancies.74-77 While a key feature of PE is hypertension, pregnant patients who are

hypertensive do not necessarily have PE but could have another condition, such as

gestational hypertension. A 1995 study compared serum TM levels between patients with
PE, gestational hypertension, chronic hypertension and without any form of hypertension.
Among the groups, only TM levels of PE patients were significantly different, which were
elevated.78 TM levels also increase with each trimester in normal pregnancy, which is made

worse in PE complicated pregnancies.79,80 Another observation was that plasma TM levels
began to significantly rise earlier in patients who would later develop PE, by week 24,
when compared to pregnancies that were uneventful, by week 32.81 The rise in TM levels

is thought to be mainly due to cleavage from the endothelial surface, which is further

supported by the finding that the placentas of PE patients express less TM on their
endothelial surfaces versus normotensive patients.82

Diabetes Mellitus (DM) is not a singular disease but rather a group of disorders,
mainly characterized by hyperglycemia but also is associated with vascular

complications.83-85 Hemostatic dysfunction in DM pushes the balance to a procoagulant
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state with lower fibrinolytic activity and platelet malfunction.86 Endothelial dysfunction is
also seen in DM patients and can lead to many of the complications, mainly vascular,

associated with diabetes.87-90 The cause of endothelial dysfunction has multiple factors that
include increased oxidative stress and increased pro-inflammatory compounds.91,92 High

glucose levels have also been determined as cause of endothelial damage.93,94 With both
endothelial damage and dysfunction at play in this disease, it is highly likely that TM levels

would be raised in diabetic patients.

A great depth of research has been performed into researching how TM levels
change in DM. The overall trend is that TM is increased in the biological fluids of both

adult and juvenile diabetic patients.94-99 TM levels were also shown to have a weak positive

correlation with disease duration and number of complications.94,96,99,100 However, no
difference was found between type I and type II diabetic patients.96 It has also been shown
that high TM levels were associated with increased risk for all-cause mortality and CVD
deaths.101 It is thought that decreased renal clearance or tubule damage could be the cause

of the higher levels of TM seen.95,102 One study did not find a relation between TM and
two markers for tubule damage, uNAG and ub2m, but did postulate that TM could come

from glomerular damage as determined by the increase of urinary albumin, a marker for
nephropathy.95

Sepsis is a leading cause of death for hospitalized patients and the primary cause of
death of those suffering from an infection.103,104 Traditionally sepsis is defined as severe

systemic inflammation caused by infection.105 The uncontrolled spread of inflammation is
a critical part of the pathogenesis of septic shock.106 Recently the definition of sepsis has

expanded to include organ dysfunction caused by the dysregulation of the infection
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response of the body.107 Sepsis can then develop into more severe forms including septic
shock and multiple organ dysfunction syndrome (MODS).108 In sepsis both inflammation

and coagulation are dysregulated and both crosstalk to influence each other.109
Inflammation also deregulates the coagulation system with changes to the endothelium

being a main cause.110,111
Multiple studies have shown a positive correlation between sTM levels and the
severity of sepsis in both adult and pediatric patients.61,112-114 The highest levels of sTM

being in patients who experienced organ failure or MODS.61,112,115,116 Further, patients who
died of sepsis had higher levels of plasma TM levels compared to those who did not.112,113

From these studies it can be inferred that TM can be used to track the severity of sepsis and

possibly how the patient’s disease will progress.

1.1.5 Therapeutic Potential of Thrombomodulin
Due to its participation in many beneficial biological processes, TM has caught the

attention of researchers as a possible therapeutic. The recombinant form of TM known as
recombinant human soluble thrombomodulin (rhsTM) or ART-123 has been highly tested

as a therapeutic. ART-123 is currently an approved therapeutic in Japan and is indicated
for the treatment of disseminated intravascular coagulation (DIC). This recombinant form

of TM contains 498 out of the 557 amino acids naturally present in TM. These amino acids

make up the lectin-like domain, EGF-like domain and the serine/threonine-rich domain of
TM. The transmembrane domain and the cytoplasmic tail are missing in ART-123. The
cDNA for rhsTM was constructed by site-directed mutagenesis using CHO cells as a

host.117 ART-123 maintains can still bind thrombin and protein C, allowing it to exert

antithrombotic effects similar to that of native, full length TM. Therefore, rhsTM has two
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ways in which it can have antithrombotic activity. The first is the direct inhibition of

thrombin’s procoagulant functions by binding to its active site. Secondly, the binding of
thrombin creates the thrombin-thrombomodulin complex, which will facilitate the

activation of protein C, which has been described earlier to act as an anticoagulant.
Pre-clinical trial studies have found some promising therapeutic properties of ART-

123. Thromboelastography studies have revealed that ART-123 can prevent thrombus

formation by inhibiting fibrin formation, fibrinopeptide A production and clot-induced
thrombin generation.118,119 The recombinant protein has also been shown to increase

clotting time and block the aggregation of platelets in a dose-dependent manner.118
Experiments with rat models have shown that ART-123 can block the hematological
changes, such as activated partial thromboplastin time, seen in tissue factor and endotoxin
induced DIC.120,121 Lastly, ART-123 was able to reduce thrombosis in arteriovenous shunt

in rats without effecting activated partial thromboplastin time.122
ART-123 has shown many advantages that make it an intriguing anticoagulant.

These include a long half-life, good bioavailability when delivered via subcutaneous
injection, less bleeding and an overall broad safety margin. A phase I study was conducted

in 2004 in the United States to determine the pharmacokinetics and pharmacodynamics in
healthy volunteers. The plasma half-life after subcutaneous injection was 2-3 days, which

could lead to ART-123 being an outpatient therapeutic for the prevention of

thromboembolism. Overall, ART-123 was found to be safe and did not cause major

bleeding.123 Phase II and III studies performed with patients suffering from DIC showed
good clearance of the disease and an increased efficacy over heparin.124,125 After clinical
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testing and approval, Asahi Kasei Pharma of Japan marketed ART-123 as Recomodulin®

in 2008.126

1.2 Cell Surface Re-Engineering
The cell surface is a stage for many important biological processes including cell
signaling, cell-cell adhesion and the uptake of exogenous ligands. This is due to the large
variety of biomolecules present including lipids, carbohydrates and proteins.127-129 The

combination of biomolecules present on the cell membrane reflects the functionality of the
cell. It has been seen that removing particular molecules from the cell surface can make
the cell function less efficiently or lose its function altogether.130 If one can remove
biomolecules to cause a change cellular function, the opposite holds true to add

functionality to cells. The introduction of biomolecules to cells can allow cells to regain
functions they may have lost or gain functions not native to the cell.131,132 The large
diversity of biomolecules on the cell surface also provides numerous available functional

groups for use for conjugation.

1.2.1 Methods for Cell Surface Re-Engineering

Methods for re-engineering the cell surface can fall into two major categories:
genetic modifications and chemical modifications. Although not the focus of this research,

altering the genetics of a cell has allowed for the introduction of nonnative functional
groups and nonnative biomolecules to the cell surface.133 However, this technique for
altering the cell surface is complicated and labor intensive and these drawbacks are what
make the chemical techniques so intriguing.
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There are three main techniques used to chemically modify the cell surface: (i)

metabolic engineering, (ii) direct chemical modification and (iii) liposome/lipid fusion134
(Figure 1.2). In metabolic engineering, cells are incubated with substrates that have slight

variations in their structure. Certain enzymes, such as sialytransferases, can tolerate some
changes to the structure of the substrates they work on. The rationale behind this method

is that one can alter natural substrates the cell uses to have an unnatural functional group

present and as the substrate is processed and the unnatural function group will be displayed

on the cell surface. This functional group can then be selectively targeted using a specific
chemistry. The most common method of metabolic engineering is introducing modified
sialic acid precursors that will eventually be incorporated into the cell’s glycoform.135 It

have been shown that enzymes responsible for synthesizing sialic acids can process
precursors with N-acyl substituents which result in C-5 substituted sialic acids.136 The
altered sialic acids can present functional groups that can be targeted by specific

chemistries or present moieties that can be targeted by antibodies.137,138 It has also been
shown that cells can be incubated with full sialic analogs and the cell with incorporate them

into the glycoform of the cell surface.139 This form of cell surface re-engineering has been
used to deliver therapeutics and influence cell adhesion.140 Although the bulk of metabolic

engineering techniques revolves around modifying the glycocalyx of cell, there have been
techniques that have accomplished modifying proteins to bear new functional groups. One
example is Tirrell and colleagues who used a series of molecular biology techniques to
modify a cell surface protein. Here, methionine residues were replaced with

azidohomoalanine, which allowed for the introduction of azido functionality to the
protein.141 The main drawback of metabolic engineering versus the other two forms of cell
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surface modification is that it is time consuming. Modification using lipid fusion or direct

chemical modification can take place in as little as twenty minutes while metabolic
engineering can take days to accomplish.142 Other drawbacks to metabolic engineering are
limited incorporation and cellular toxicity.

A second, less common, approach is direct chemical modification of the cell
surface. There are two main categories for direct chemical modification. The first set of

modifications uses the functional groups already present on the cell surface, such as
amines, present on proteins. One group used free amines present on the surface of Lewis
Lung Carcinoma cells to add two different toll-like receptor agonists. The study was able

to show that the addition of these agonists resulted in an increase in immune stimulation.143
This type of modification is faster than metabolic engineering in that the addition of the
molecule of interest can as little as thirty minutes for the conjugation. The second kind of
direct chemical modification uses functional groups already present on the cell surface and
then converting them to a functional group that are not native to the cell. This type of direct

chemical modification focuses on creating carbonyl groups (aldehydes and ketones) and
azide groups. One method for introducing aldehydes is to oxidize sialic acids with sodium
periodate. Sodium periodate is able to oxidize one hydroxyl group of a diol and convert it

to an aldehyde.144 This type of modification has been used to modify O-type erythrocytes
to allow them to respond to anti-A or anti-B sera.145 Besides being changed by purely
chemical means, functional groups can be transformed by enzymes. One enzyme in
particular is sortase A, which cuts in a poly-glycine sequence present on the outside of the
cell and ligates a ligand with a LPETG amino acid sequence to the cell. This process has

been used to add biotin to a large variety of cell types including yeast and mouse
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splenocytes.146 Although biotin is not a therapeutic agent, this method opens the door for

the introduction of therapeutic agents as long as the correct amino acid sequence is present

for the ligation to occur. Direct chemical modification is an overall simple concept of
modifying the cell surface but is has some drawbacks. The major drawback is the overall

lack of specificity during modification. When freely targeting amines, thiols and other

functional groups, there is risk of modifying a site that is key to some biological process.
In addition, the chemical reaction conditions are often not biocompatible and even with

less efficiency and thus limited their practical applications in cell surface re-engineering.
The last type of re-engineering technique used is lipid fusion. Some natural proteins
that are located on cell membrane are anchored by lipids versus spanning the whole width

of the lipid bilayer like protein channels. Earlier forms of this technique used liposomes to
deliver molecules of interest. Some lipids would be linked to a target molecule and

complexed with non-linked lipids to create liposomes. Cells could then be incubated with

these liposomes and the target molecule would be incorporated into the cell membrane.

The cell membrane is mostly made of phospholipids, whose lipophilic tails allow for

nonpolar interactions with the lipids of the liposome.135 Newer techniques incubate cells
with individual modified lipids rather than ones incorporated into liposomes.
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Figure 1.2: Cell Surface Re-Engineering Techniques. Direct chemical
modification methods target naturally occurring functional groups such as
amines and thiols to introduce molecules to the cell surface. Metabolic

engineering methods use modified biomolecular precursors, such as ManNAz,
that will be metabolized into larger biomolecules and can later be targeted.

Lipid fusion methods deliver cargo to cells using hydrophobic interactions

between the plasma membrane and hydrophobic molecules/constructs.
Adapted from [134]
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1.2.1 Biomedical Applications of Cell Surface Re-Engineering
Changes in the expression patterns of biomolecules present on the cell surface is

often associated with changes in cellular functions and possible disease states. Being able

to tag and track these changes is important for understanding the progression of diseases
and developing therapeutics. One specific subset of biomolecules that change during
certain disease states is glycans. Changes in sialoglycoconjugate levels in particular have
been linked with tumor metastasis.147,148 Analysis of surface sialoglycoconjugates is a

complicated venture despite the development of a wide variety of techniques.149,150

Recently, a method has been developed that uses a laser cleavable probe to profile these
types of glycans. This method uses a N-azidoacetyl-mannosamine tetraacylated to

incorporate azides into surface sialoglycoconjugates. This azide can then be targeted with

an alkyne terminated probe, which is this study was pent-4-yn-1-yl(trityl)sulfane. This
probe can be cleaved by laser irradiation and releases a carbocation that can be detected by

laser desorption/ ionization spectrometry. The concentration of the released carbocation is
proportional to the level of surface sialoglycoconjugate expression.151 This technique can

be used to track change in surface glycoconjugate levels or comparison between different
samples.

Modifying the cell surface can also be used to elucidate how certain biological
processes work. For example, the Bertozzi group has engineered the surface of various
cancer cells with sialylated glycopolymers in order to deduce how the increase in sialic

acid helps with natural killer (NK) cell evasion. It has been shown that cancer cells can
evade detection by shedding ligands that activate NK cells and/or upregulating ligands that

block NK activity.152,153 In addition, upregulation of surface sialic acid levels has been
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correlated with NK cell resistance and overall poor prognosis.154,155 However, the specific
mechanism of evasion remains unknown. Using various types of glycopolymers linked to

phospholipids, the Bertozzi group was able to determine that Siglec-7 played a role in NK
resistance of the decorated cells. Only sialylated glycopolymers were observed to inhibit

NK activity, leading to the idea that siglecs, receptors that bind sialic acid containing
glycans.156 This study was able to show how increased levels of surface sialic acid levels

can recruit Siglec-7 to the NK synapse site, leading to inhibition of activity.157
As mentioned earlier, cells can be modified to present nonnative biomolecules on

their cell surface to add new functions to cells. One group introduced Fc receptors (FcRs)
to the surface of Jurkat cells. In the human body, FcRs are present on leukocytes and

epithelial cells and their main role is to bind immunoglobulin-G (IgG) molecules. The IgG
molecules can either be free or bound, for example to a pathogen, and once bound they are
subsequently internalized into the cell.158-160 These internalized molecules can then be

destroyed or transported across tissues to a new location.161 The Peterson group was
interested in adding FcR mimics to the cell surface for use for targeted binding and

degradation of therapeutically relevant ligands. In their study, they were able to introduce
a small FcR mimic to the surface of Jurkat cells, who do not express any type of FcR, using
a cholesterol-like anchor. After a simple and efficient modification, Jurkat cells were able
to gain the ability to capture and uptake fluorescently labeled IgG molecules. This approach

could be used as a therapeutic for certain diseases that results in an increase of IgG in the
bloodstream.162

Cell therapies have also been utilized for tissue regeneration and repair. One

particular area of interest is trying to repair damaged cardiac tissue caused by heart disease.
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A particular cell type of interest are mesenchymal stem cells (MSCs), who can release
certain factors to aid in wound healing and treatment of cardiac diseases.163-165 Unmodified

MSCs have been tested as possible cell-based therapies but ran into the problem of poor
retention of the cells to the target tissues.166 To help with retention, MSCs have been
modified with CXC chemokine receptor 4 (CXCR4). CXCR4 is a receptor for stromalderived factor-1 (SDF-1), a protein released by injured myocardium.167 SDF-1 gradients

will cause CXCR4+ cells to migrate towards wounds and thus helps directs cell for
repair.168 The MSCs were decorated with DMPE conjugated CXCR4 protein using a

hydrophobic anchoring approach. Upon rapid anchoring, decorated MSCs were better able
to respond to SDF-1 gradients and could potentially be used as a therapy for tissue

regeneration.169
Some cell-based therapies have made their way through clinical trials and have

been approved by the FDA. Most of these therapies are for the treatment of various cancers.
One of the promising strategies for treating cancer is immunotherapy, an approach that

stimulates the patient’s immune system rather than attacking the tumor outright.170
Chimeric antigen receptor (CAR) T-cell therapy as leading candidate in immunotherapy.
CAR T-cells are produced by genetically engineering T-cells in order for them to express

chimeric-antigen receptor. T-cells are transfected with plasmids that will allow the cells to
express particular tumor surface antigen receptors.171 Also, CAR T-cells only bind to tumor

antigens that are bound to the surface of cells, allowing for added specificity.172 Currently
two CAR T-cell therapeutics are FDA approved and are indicated for the use for treatment

of B-cell lymphoma and lymphoblastic leukemia. These two products are Kymriah® from
Novartis and Yescarta® Gilead Sciences and were both approved in 2017.173
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1.3 Macrophages
1.3.1 Macrophages in General

Macrophages are a class of phagocytic white blood cells found in tissues and
display a wide variety of functions. These cellular activities include the removal of dead

cells, tissue repair and antigen presentation.174,175 They originate from blood monocytes
whom have migrated to specific tissues, often in response to a stimulus like inflammation
or an infection, or from the embryonic stage of the organism.176,177 The tissues the

macrophages settle in dictate their phenotype and function, leading to a large heterogeneity

of macrophage species.178

Macrophages can further be polarized into two general

phenotypes, M1 and M2. Polarized macrophages differ in their activity and in the cell
surface markers they express. M1 macrophages are considered classically activated

macrophages while M2 macrophages are alternatively activated. M1 macrophages are proinflammatory and can release pro-inflammatory cytokines such as TNF-a and IL-6. M2

macrophages on the other hand are anti-inflammatory and help with tissue repair.179 Due

to their vast distribution and biological functions, macrophages have garnered the attention

of researchers in various fields.

1.3.2 Functions of Macrophages

Macrophages play a pivotal role in innate immunity and apoptotic cell clearance
and most importantly in antigen processing and its presentation on cell surface.180
Macrophages take up antigens from their environment recognized by particular receptors
through phagocytosis.181 These receptors are known as pattern-recognition receptors

(PRRs) and bind to antigens known as pathogen-associated molecular patterns
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(PAMPs).182 Some PAMPs include bacterial peptides, lipopolysaccharides and cell wall

components.183 These PAMPs are then presented onto the cell surface using either MHC1 or MHC-2 molecules, followed by activating T-cells. T-cells begin as “naïve” T-cells

and travel through the peripheral circulatory system and through lymphoid tissues.

Antigens on antigen presenting cells interact with T-cell receptors (TCR) on the surface of
the T-cell. This interaction initiates a cascade of cellular events that eventually leads to Tcell proliferation (activation). These primed T-cells will then circulate through the body

and upon re-introduction to the antigen will release cytokines, these cytokines can then
further activate the immune cells to induce inflammation or cell removal.184

1.3.3 Biomedical Applications of Macrophages
Due to their key roles in immune system and during inflammation, tissue injury,

repair processes, macrophages have been explored widely as drug/antigen delivery targets,
drug delivery carrier systems and also in transplantation/grafting applications for treatment

of many disease conditions.185,186 Macrophages have been looked at for drug delivery of
cancer drugs because they can be recruited by cancer cells and become differentiated into

tumor associated macrophages and are then incorporated into the tumor.187 One group used
macrophages as a drug deliverer for doxorubicin and to deliver iron oxide for MR imaging

to tumors.188 Certain macrophages can even pass through the blood brain barrier, which
has allowed for the idea that macrophages can even deliver drugs to the brain.189,190
Macrophages have also been explored to expedite tissue recovery because they are
naturally found near damaged tissues.191 Polarized M1 macrophages have been delivered

to damaged muscles and were shown to improve tissue recovery overtime.192
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Recently, macrophage-mediated programmed cell removal (PrcR) has been
confirmed as an important mechanism in diseased and damaged cell elimination before

programmed cell death.193 Therefore, enhancing the selective adhesion of macrophage to
cancer cells may be an effective macrophage-mediated anti-cancer therapeutics. Iwasaki

and colleagues metabolically engineered macrophages to display methacryloyl functional
groups on their surface that can be conjugated by thiol-linked nucleic acid aptamers. These
aptamers were shown to bind to protein tyrosine kinase-7, which is overexpressed in cancer

cells. Once bound, the macrophages would remove the cancer cell from the system via

endocytosis.194 This has been considered as an effective macrophage-mediated anti-cancer
therapeutic.

1.4 Protein Modifications
Due to their importance and diverse biological activities in living systems, proteins

have garnered the attention of researchers for use as molecular tools or therapeutics.

Besides being studied in their native environment or as isolated biomolecules, proteins can
be modified for biotechnology purposes. A common example is using conjugated
antibodies for use for detection of antigens in samples. Besides being used for tagging

purposes, proteins have been modified in order to increase their therapeutic potential or to
be used for cell surface re-engineering purposes. The development of a plethora of broad

and site-specific modification strategies has allowed proteins to surge forward as rewarding

research platform.
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1.4.1 Traditional Protein Modifications

Proteins provide a lucrative platform for modifications due largely in part to their
amino acid side chains. The side chains of these amino acids have a large variety of

functional groups that can be targeted by ligation strategies. Traditional methods of
bioconjugation focus on targeting these functional groups, which include amines,

carboxylic acids and thiols. The most commonly targeted amino acids are cysteine and
lysine. Cysteine is a favorable target due to its unique chemistry amongst natural amino

acids and its relativity low abundance.195 The sidechain of cysteine contains a thiol, which
can be subjected to alkylation and the creation of disulfide bonds.196
Lysine is another popular amino acid to target for modification. Despite being more

prevalent in proteins, making modifications less selective compared to targeting cysteine,
the primary amine on the side chain makes lysine an attractive target. There are many
different chemical techniques available to conjugate primary amines, making lysine a

favorable target. Some of these reactions include using N-hydroxysuccinimide esters and
sulfonyl chloride containing ligands.197

Though less common, some of the other amino acids have also been manipulated
for conjugation purposes. In the case of tyrosine, another rare amino acid, the phenol group
offers a unique group for site-specific modification.198 Metal-mediated oxidation of the

phenol group has allowed for the introduction of biotin and alkynes to proteins.199 Other
reactions that have been used modify tyrosine include using diazonium salts to form

azobenzenes and Mannich-type reactions with aldehydes.198,200 Aspartate and glutamate
have carboxyl groups in their side chains, which can be coupled with amines.197
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Tryptophan has also been targeted but the reaction requires a highly acidic environment
that may lead to protein denaturation.201

1.4.2 Bioorthogonal Chemistry
Despite the specificity of some of the above-mention protein conjugation strategies,

there is one main drawback. These reactions become unselective when more than one
available type of amino acid is present. It is possible that one can modify the wrong position

on the protein and hinder or even block its activity. A solution to this issue is using a class

of reactions known as bioorthogonal chemical reactions. The key point of these reactions
is that they do not interfere with normal biological processes. The types of reactions that

fall into this category must work in physiological conditions, have quick reactions rates

and be nondisruptive to the normal functions of the molecule or cell being modified.197
A popular subset of bioorthogonal chemistry is click chemistry (Figure 1.3). Click

chemistry reactions have many variations: including cycloadditions, nucleophilic ring
openings, non-aldol carbonyl reactions and additions to carbon-carbon multi-bond

groups.202,203 The most widely used variation are the cycloaddition reactions. One of the
first instances of this type of reaction was by Huisgen in 1963 who used azides and terminal

alkynes. In this reaction, a 1,3-dipolar cycloaddition is conducted to form a 1,2,3-triazole
containing endproduct.204 The reaction however suffered from some drawbacks such as

long reaction times and the need for high temperatures. A critical modification to this
system came from the introduction of a copper catalyst.205 This reaction has many

advantages over the original including regiospecificity, having a wide solvent tolerance,

including being able to be performed in aqueous conditions, and being able to be performed
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in a wide variety of temperature settings.206 This has allowed the reaction to be used for a
variety of applications including labeling of viral proteins and activity-based protein

profiling.207,208
Though a very appealing reaction, there is one main disadvantage of coppercatalyzed click chemistry. The copper needed as a catalyst can be harmful to living systems,

including kidney disease and neurological disorders in humans, thus limiting its application
for modifying cells.141,209 Luckily, researchers have been developing variations of the

original click reaction to help overcome this barrier. A key design change comes from
switching from using a terminal alkyne to an alkyne that is strained. Using cyclooctyne

derivatives became a promising lead as it was shown that unsubstituted cyclooctyne could
react with phenyl azide rapidly to create a triazole group.210

Early uses of substituted cyclooctynes have been shown to readily react with azides
but had problems with slow reaction times in the beginning.211 Later versions of substituted

cyclooctynes however have been able to fix this issue and provide more favorable reaction
conditions. These include using 3,3-difluorocyclooctyne (DIFO) and dibenzylcyclooctyne

(DBCO).212,213 These strained cyclooctynes have allowed for many applications of click
chemistry to living systems in vitro and in vivo.214,215
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Figure 1.3: Bioorthogonal reactions. A] Copper-catalyzed click chemistry between an
azide and terminal alkyne B] Copper-free click chemistry between an azide and
dibenzycyclooctyne (DBCO). Adapted from [197]
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1.4.3 Enzymatic Modifications and Sortase A
Similar to modifying cell surfaces, enzymes have been used to modify proteins in

solution. One of these enzymes is sortase A (SrtA), a transpeptidase expressed by most
Gram-positive bacteria.216-218 Sortase A was first identified as one of the enzymes
responsible for the cell wall sorting process seen in bacteria.219,220 Though initially thought

of as a target for bacterial infection, Sortase A has emerged as a useful tool for modifying

proteins and cell surfaces.

Sortase A recognizes the five amino acid sequence of LPXTG, where X can be any
amino acid except cysteine or tryptophan, when it is in the C-terminal of the protein.218,221

The thiol group in the active site of the enzyme will attack the carbonyl carbon between
the tyrosine and glycine residues forming a thioester intermediate.222,223 To complete the
reaction, small molecules containing one or multiple terminal glycines or proteins

containing at least one glycine at its N-terminus will perform nucleophilic attacks on the
carbonyl carbon of the thioester to regenerate sortase A and give the desired ligation

product (Figure 1.4).224-226

The high specificity, wide substrate tolerance and overall straightforwardness of
the sortase A reaction has made it an attractive method for protein modifications. An early

use of sortase A as a method for protein modification came in 2004 when Mao and
colleagues ligated green fluorescent protein (GFP) containing a LPETG motif with small
molecules, peptides and proteins. In terms of peptides, they were able to introduce linear,
branched and nonnative sequences to GFP efficiently. The successful introduction of

nonnative peptides led the group to try adding small molecules using sortase A. They were
able to introduce folate using a triglycine derivatized version of the molecule. Lastly, the
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GFP-LPETG protein was successfully ligated to GFP containing a N-terminal glycine.226

This study laid the groundwork for demonstrating the versatility of using sortase A to
modify proteins. Recent studies have been able to add PEG, polystyrene beads and more

biologically relevant proteins, such as antibody fragments, to proteins.227,228
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Figure 1.4: Sortase A reaction mechanism. A) Sortase A identifies the LPXTG motif,
here X=E, at the C-terminal end of the protein and performs a nucleophilic attack on

the carbonyl carbon of tyrosine using a thiol group in its active site. The enzyme
becomes covalently attached to the protein, creating a thioester intermediate. B) The

terminal amine group of a diglycine containing substrate will perform a nucleophilic

attack on the carbonyl carbon of the thioester, regenerating the Sortase A enzyme
and producing the desired end product. Adapted from [220].
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1.5 Research Rationale
Thrombomodulin is an important protein of biomedical interest due to its biological

functions and its essential distribution throughout the body. Though mainly known as an
endothelial membrane protein, TM has been found to be expressed by numerous other cell

types. Among these cell types are monocytes and macrophages. However, the expression
patterns and biological roles of TM on these cells have been poorly studied. Many studies

focus on how TM expression is affected when monocytes or macrophages are exposed to

certain exogenous molecules. A ground up approach for determining differences in TM
expression patterns of monocytes and their differentiated form of macrophages would be
useful for determining TM’s role in these cells. TM is a glycoprotein, containing such

glycosylation moieties as sialic acid and chondroitin sulfate. In endothelial cells, TM exists
as two major forms, one with chondroitin sulfate and one lacking the moiety. It is relatively

unknown if TM in monocytes and macrophages is glycosylated, if so, how this
glycosylation differs between the two cell types and how glycosylation modifications play
a role in cellular function. Therefore, studying the expression and glycosylation patterns of
TM present on monocytes and macrophages can help elucidate some of its biological

functions on these cell types.
Some of TM’s biological roles in the body, anticoagulation and antiinflammation,
have caught the attention for therapeutic development. TM is also shed from the surface of
the endothelium in certain diseases. Losing TM from the local environment can lead to

local inflammation and/or a shift to a pro-thrombotic state. It is possible that re-introducing
TM to the body can help reverse these issues. Recombinant forms of TM have been

developed as possible therapeutics. Most recombinant forms of TM include the
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extracellular domains, excluding the transmembrane and cytosolic domains, where the bulk

of TM’s biological activities take place. Expressing all these domains can pose some
possible issues though. TM’s EGF-like domain is the site of the protein’s anti-coagulation

activates. Here, thrombin can bind to help in the activation in protein C, which can act as

an anticoagulant enzyme. However, thrombin binding in this domain can also activate
TAFI, which will act as a procoagulant enzyme. Luckily, the procoagulant function of TM,

while maintaining its anticoagulant activity, can be removed by only expressing EGF-like
domains 4-6. EGF-like subdomains 4-6 are the minimal domains needed for protein C

activation. This activated protein C can then perform anticoagulant and anti-inflammation

processes. Therefore, recombinant TM of EGF-like domains 4-6 will be a choice
anticoagulation and anti-inflammation drug development.

Despite its great potential as a therapeutic, recombinant TM has some problems for
therapeutic development. Its main issue deals with its short half-life in living systems. This
is a common obstacle that protein-based therapeutics have to overcome and multiple
strategies have been tested to fix this issue. Several techniques have been developed,

including adding PEG moieties and loading therapeutics to liposomes. Using cells as a drug
carrier can offer beneficial properties to a protein therapeutic. Cells can provide a more

natural environment for proteins, versus them being free in solution or on a synthetic

support and can allow for increased stability and activity. Also, some cells can target
specific tissues or sites of dysfunction allowing for targeted deliver. Macrophages can be
directed towards sites of inflammation, so they can be used to deliver antiinflammation

drugs or therapeutics that can treat the primary cause of inflammation. We hypothesize
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using macrophages as a drug carrier for rTM as a strategy to increase stability and for
possible delivery rTM to disease sites.

1.6 References
1.

Esmons, C. T. & Owen, W. G. Identification of an endothelial cell cofactor for
thrombin-catalyzed activation of protein C. Proc. Natl. Acad. Sci. U. S. A. 78, 2249

2252 (1981).
2.

Lollar, P. & Owen, W. G. Clearance of thrombin from circulation in rabbits by highaffinity binding sites on endothelium. Possible role in the inactivation of thrombin
by antithrombin III. J. Clin. Invest. 66, 1222-1230 (1980).

3.

Esmon, N. L., Owen, W. G. & Esmon, C. T. Isolation of a membrane-bound cofactor
for thrombin-catalyzed activation of protein C. J. Biol. Chem. 257, 859-864 (1982).

4.

Collins, C. L. et al. Thrombomodulin expression in malignant pleural mesothelioma

and pulmonary adenocarcinoma. Eur. Respir. Rev. 3, 59-60 (1993).

5.

Suzuki, K., Nishioka, J., Hayashi, T. & Kosaka, Y. Functional active
thrombomodulin is present in human platelets. J. Biochem. 104, 628-632 (1988).

6.

McCachren, S., Diggs, J., Weinberg, J. & Dittman, W. A. Thrombomodulin

expression by human blood monocytes and by human synovial tissue lining
macrophages. Blood 78, 3128-3132 (1991).

7.

Boffa, M. C., Burke, B. & Haudenschild, C. C. Preservation of thrombomodulin
antigen on vascular and extravascular surfaces. J. Histochem. Cytochem. 35, 1267

1276 (1987).
8.

Ishii, H. & Majerus, P. W. Thrombomodulin is present in human plasma and urine.

32

J. Clin. Invest. 76, 2178-2181 (1985).
9.

Ishii, H., Uchiyama, H. & Kazama, M. Soluble thrombomodulin antigen in

conditioned medium is increased by damage of endothelial cells. Thromb.

Haemostasis1 65, 618-623 (1991).
10.

Suzuki, K. et al. Structure and expression of human thrombomodulin, a thrombin

receptor on endothelium acting as a cofactor for protein C activation. EMBO J. 6,
1891-1897 (1987).

11.

Abeyama, K. et al. The N-terminal domain of thrombomodulin sequesters highmobility group-B1 protein, a novel antiinflammatory mechanism. J. Clin. Investig.

115, 1267-1274 (5AD).
12.

Shi, C. S. et al. Lectin-like domain of thrombomodulin binds to its specific ligand

Lewis Y antigen and neutralizes lipopolysaccharide-induced inflammatory
response. Blood 112, 3661-3670 (2008).
13.

Hsu, Y. Y. et al. Thrombomodulin promotes focal adhesion kinase activation and

contributes to angiogenesis by binding to fibronectin. Oncotarget 7, 68122-68139

(2016).
14.

Iino, S. et al. The antimetastatic role of thrombomodulin expression in islet cellderived tumors and its diagnostic value. Clin. Cancer Res. 10, 6179-6188 (2004).

15.

Kurosawa, S., Stearns, D. J., Jackson, K. W. & Esmon, C. T. A 10-kDa cyanogen

bromide fragment from the epidermal growth factor homology domain of rabbit
thrombomodulin contains the primary thrombin binding site. J. Biol. Chem. 263,

5993-5996 (1988).
16.

White, C. E., Hunter, M. J., Meininger, D. P., White, L. R. & Komives, E. A. Large-

33

scale expression, purification and characterization of small fragments of
thrombomodulin: the roles of the sixth domain and of methionine 388. Protein Eng.
8, 1177-1187 (1995).
17.

Nesheim, M., Wang, W., Boffa, M., Nagashima, M. & Morser, J. Thrombin,
Thrombomodulin and TAFI in the Molecular Link Between Coagulation and
Fibrinolysis. Thromb. Haemost. 78, 386-391 (1997).

18.

Tsiang, M., Lentz, S. & Sadler, E. Functional Domains of Membrane-bound Human
Thrombomodulin. J. Biol. Chem. 267, 6164-6170 (1992).

19.

Wang, W., Nagashima, M., Schneider, M., Morser, J. & Nesheim, M. Elements of
the primary structure of thrombomodulin required for efficient thrombin-activable

fibrinolysis inhibitor activation. J. Biol. Chem. 275, 22942-22947 (2000).
20.

Hamada, H. et al. The Epidermal Growth Factor-Like Domain of Recombinant
Human Thrombomodulin Exhibits Mitogenic Activity for Swiss 3T3 Cells. (1995).

21.

Tohda, G. et al. Expression of thrombomodulin in atherosclerotic lesions and
mitogenic activity of recombinant thrombomodulin in vascular smooth muscle cells.
Arterioscler. Thromb. Vasc. Biol. 18, 1861-1869 (1998).

22.

Gerlitz, B. et al. Identification of the predominant glycosaminoglycan-attachment

site in soluble recombinant human thrombomodulin: potential regulation of

functionality by glycosyltransferase competition for serine474. Biochem. J vol. 295
(1993).
23.

Edano, T., Kumai, N., Mizoguchi, T. & Ohkuchi, M. The glycosylation sites and
structural

characteristics

of

oligosaccharides

on

recombinant

thrombomodulin. Int. J. Biochem. Cell Biol. 30, 77-88 (1998).

34

human

24.

Koyoma, T. et al. Different glycoforms of human thrombomodulin. Their

glycosaminoglycan-dependent modulatory effects on thrombin inactivation by

heparin cofactor II and antithrombin III. 563-570 (1991).
25.

Elisen, M., von dem Borne, P., Bouma, B. & Meijers, J. Protein C inhibiotr acts as
a procoagulant by inhibiting the thrombomodulin-induced activation of protein C in

human plasma. Blood 91, 1542-1547 (1998).
26.

Honda, G. et al. The Roles Played by the D2 and D3 Domains of Recombinant

Human Thrombomodulin in Its Function. J. Biochem vol. 118 (1995).
27.

Weiler, H. & Isermann, B. H. Thromomodulin. J Thromb Haemost 1, 1515-1524
(2003).

28.

Teasdale, M. S., Bird, C. H. & Bird, P. Internalization of the anticoagulant

thrombomodulin is constitutive and does not require a signal in the cytoplasmic

domain. Immunol. Cell Biol. 72, 480-488 (1994).
29.

Conway, E. M., Nowakowski, B. & Steiner-Mosonyi, M. Thrombomodulin lacking
the cytoplasmic domain efficiently internalizes thrombin via nonclathrin-coated, pit-

mediated endocytosis. J Cell Physiol 158, 285-298 (1994).
30.

Isermann, B., Hendrickson, S. B., Hutley, K., Wing, M. & Weiler, H. Tissue-

restricted expression of thrombomodulin in the placenta rescues thrombomodulin

deficient mice from early lethality and reveals a secondary developmental block.

Development 128, 827-838 (2001).
31.

Conway, E. M. et al. Structure-function analyses of thrombomodulin by gene
targeting in mice: The cytoplasmic domain is not required for normal fetal

development. Blood 93, 3442-3450 (1999).

35

32.

Ito, T. & Maruyama, I. Thrombomodulin: Protectorate God of the vasculature in
thrombosis and inflammation. J. Thromb. Haemost. 9, 168-173 (2011).

33.

Coughlin, S. R. How the protease thrombin talks to cells. Proc. Natl. Acad. Sci. U.
S. A. 96, 11023-11027 (1999).

34.

Wood, M. J., Sampoli Benitez, B. A. & Komives, E. A. Solution structure of the

smallest cofactor-active fragment of thrombomodulin. Nat. Struct. Biol. 7, 200-204
(2000).
35.

Rosing, J. & Tans, G. Coagulation factor V: an old star shines again. Thromb.
Haemost. 78, 427-433 (1997).

36.

Esmon, C. T. The regulation of natural anticoagulant pathways. Science. 235, 1348
1352 (1987).

37.

Bajzar, L., Morser, J. & Nesheim, M. TAFI, or plasma procarboxypeptidase B,
couples the coagulation and fibrinolytic cascades through the thrombin
thrombomodulin complex. J. Biol. Chem. 271, 16603-16608 (1996).

38.

Eaton, D. L., Malloy, B. E., Tsai, S. P., Henzel, W. & Drayna, D. Isolation,
molecular cloning, and partial characterization of a novel carboxypeptidase B from

human plasma. J. Biol. Chem. 266, 21833-21838 (1991).
39.

Vanhoof, G., Schatteman, K., Goossens, F., Scharpe, S. & Hendriks, D.

Procarboxypeptidase U is expressed in human liver. Fibrinolysis Proteolysis 11, 41
(1997).

40.

Bajzar, L., Manuel, R. & Nesheim, M. E. Purification and Characterization of TAFI,
a Thrombin-activatable Fibrinolysis Inhibitor. J. Biol. Chem. 270, 14477-14484
(1995).

36

41.

Conway, E. M. et al. The lectin-like domain of thrombomodulin confers protection

from neutrophil-mediated tissue damage by suppressing adhesion molecule
expression via nuclear factor kB and mitogen-activated protein kinase pathways. J.
Exp. Med. 196, 565-577 (2002).

42.

Murakami, K. et al. Activated protein C prevents LPS-induced pulmonary vascular

injury by inhibiting cytokine production. Am. J. Physiol. 272, 197-202 (1997).

43.

Grey, S. T. et al. Selective inhibitory effects of the anticoagulant activated protein
C on the responses of human mononuclear phagocytes to LPS, IFN-gamma, or

phorbol ester. J. Immunol. 153, 3664-3672 (1994).

44.

Taylor, F. B., Chang, A. C., Esmon, C. T. & Hinshaw, L. B. Baboon model of
Escherichia coli sepsis: description of its four stages and the role of tumor necrosis
factor, tissue factors, and the protein C system in septic shock. Curr Stud Haematol

Blood Transfus 58, 8-14 (1991).

45.

Bernard, G. R. et al. Efficacy and safety of recombinant human activated protein C
for severe sepsis. N. Engl. J. Med. 344, 699-709 (2001).

46.

Wang, L., Jiang, R. & Sun, X. L. Recombinant Thrombomodulin of Different

Domains for Pharmaceutical, Biomedical, and Cell Transplantation Applications.
Med. Res. Rev. 34, 479-502 (2014).

47.

Waugh, J. M. et al. Thrombomodulin overexpression to limit neointima formation.
Circulation 102, 332-337 (2000).

48.

Olivot, J. M. et al. Thrombomodulin prolongs thrombin-induced extracellular

signal-regulated kinase phosphorylation and nuclear retention in endothelial cells.
Circ. Res. 88, 681-687 (2001).

37

49.

Lafay, M. et al. Thrombomodulin modulates the mitogenic response to thrombin of

human umbilical vein endothelial cells. Thromb. Haemost. 79, 848-852 (1998).
50.

Grinnell, B. W. & Berg, D. T. Surface thrombomodulin modulates thrombin

receptor responses on vascular smooth muscle cells. Am. J. Physiol. 270, H603-609
(1996).
51.

Li, J. M. et al. Recombinant thrombomodulin inhibits arterial smooth muscle cell
proliferation induced by thrombin. J. Vasc. Surg. 32, 804-813 (2000).

52.

Hosaka, Y., Higuchi, T., Tsumagari, M. & Ishii, H. Inhibition of invasion and
experimental

metastasis

of murine melanoma cells by human

soluble

thrombomodulin. Cancer Lett. 161, 231-240 (2000).
53.

Zhang, Y. et al. Thrombomodulin modulates growth of tumor cells independent of

its anticoagulant activity. J. Clin. Invest. 101, 1301-1309 (1998).
54.

Riewald, M., Petrovan, R. J., Donner, A., Mueller, B. M. & Ruf, W. Activation of
endothelial cell protease activated receptor 1 by the protein C pathway. Science (80
. ). 296, 1880-1882 (2002).

55.

Cheng, T. et al. Activated protein C blocks p53-mediated apoptosis in ischemic

human brain endothelium and is neuroprotective. Nat. Med. 9, 338-342 (2003).
56.

Feistritzer, C. & Riewald, M. Endothelial barrier protection by activated protein C
through PAR1-dependent sphingosine 1-phosphate receptor-1 crossactivation.
Blood 105, 3178-3184 (2005).

57.

Ikezoe, T. et al. Thrombomodulin protects endothelial cells from a calcineurin
inhibitor-induced cytotoxicity by upregulation of extracellular signal-regulated
kinase/myeloid leukemia cell-1 signaling. Arterioscler. Thromb. Vasc. Biol. 32,

38

2259-2270 (2012).
58.

Boehme, M. W. J., Galle, P. & Stremmel, W. Kinetics of thrombomodulin release
and endothelial cell injury by neutrophil-derived proteases and oxygen radicals.

Immunology 107, 340-349 (2002).
59.

Takano, S., Kimura, S., Ohdama, S. & Aoki, N. Plasma thrombomodulin in health

and diseases. Blood 76, 2024-2029 (1990).
60.

Ikegami, K., Suzuki, Y., Yukioka, T., Matsuda, H. & Shimazaki, S. Endothelial Cell

Injury, as Quantified by the Soluble Thrombomodulin Level, Predicts

Sepsis/Multiple Organ Dysfunction Syndrome after Blunt Trauma. J Trauma 44,
794-795 (1998).
61.

Lin, S. M., Wang, Y. M. & Lin, H. C. Serum thrombomodulin level relates to the
clinical course of disseminated intravascular coagulation, multiorgan dsyfunction

syndrome, and mortality in patients with sepsis. Crit. Care Med. 36, 683-689
(2008).
62.

Uehara, S., Gotoh, K. & Handa, H. Separation and characterization of the molecular
species of thrombomodulin in the plasma of diabetic patients. Thromb. Res. 104,
325-332 (2001).

63.

Gynecologists, A. C. of O. and. Hypertension in Pregnancy. Obs. Gynecol. 122,

1122-1131 (2013).
64.

Singh, S. B., Dahiya, K. & Bharti, A. Lipid peroxidation and antioxidant status in
preeclampsia. JK Pract. 16, 58-60 (2011).

65.

Redman, C. W. G. Current Topic: Pre-eclampsia and the Placenta. Placenta 12,

301-308 (1991).

39

66.

Roberts, J. M. et al. Preeclampsia: an endothelial cell disorder. Am J Obs. Gynecol

61, 1200-1204 (1989).
67.

Ferris, T. Pregnancy, Preeclampsia, and the Endothelial Cell. N. Engl. J. Med. 325,

1439-1440 (1991).

68.

Fazel, A. et al. Increase in expression and activity of thrombomodulin in term human

syncytiotrophoblast microvilli. Placenta 19, 261-268 (1998).
69.

Maruyama, I., Elliott Bell, C. & Majerus, P. W. Thrombomodulin is found on

endothelium

of

arteries,

veins,

capillaries,

and

lymphatics,

and

on

syncytiotrophoblast of human placenta. J. Cell Biol. 101, 363-371 (1985).
70.

Dittman, W. A. & Majerus, P. W. Structure and function of thrombomodulin: A
natural anticoagulant. Blood 75, 329-336 (1990).

71.

Bilodeau, J. F. Review: Maternal and placental antioxidant response to preeclampsia
- Impact on vasoactive eicosanoids. Placenta 35, S32-S38 (2014).

72.

Penning, M. et al. Classical complement pathway activation in the kidneys of

women with preeclampsia. Hypertension 66, 117-125 (2015).
73.

Buurma, A. et al. Preeclampsia is characterized by placental complement
dysregulation. Hypertension 60, 1332-1337 (2012).

74.

Hayashi, M. et al. Characterization of five marker levels of the hemostatic system
and endothelial status in normotensive pregnancy and pre-eclampsia. Eur. J.

Haematol. 69, 297-302 (2002).
75.

Rousseau, A., Favier, R. & Van Dreden, P. Elevated circulating soluble
thrombomodulin activity, tissue factor activity and circulating procoagulant
phospholipids: New and useful markers for pre-eclampsia? Eur. J. Obstet. Gynecol.

40

Reprod. Biol. 146, 46-49 (2009).

76.

Bontis, J. et al. Maternal plasma level of thrombomodulin is increased in mild

preeclampsia. Eur. J. Obstet. Gynecol. Reprod. Biol. 60, 139-141 (1995).
77.

Hsu, C. D., Copel, J. A. & Chan, D. W. Antepartum and postpartum

thrombomodulin levels in preeclamptic and normotensive pregnancies. J. Soc.

Gynecol. Investig. 4, 135-137 (1997).
78.

Hsu, C. D., Copel, J. A., Hong, S. F. & Chan, D. W. Thrombomodulin levels in

preeclampsia, gestational hypertension, and chronic hypertension. Obstet. Gynecol.
86, 897-899 (1995).
79.

Prochazka, M. et al. Markers of endothelial activation in preeclampsia. Clin. Lab.

61, 39-46 (2015).

80.

de Moerloose, P., Mermillod, N., Amiral, J. & Reber, G. Thrombomodulin levels
during normal pregnancy, at delivery and in the postpartum: comparison with tissue

type plasminogen activator and plasminogen activator inhibitor-1. Thromb.

Haemost. 79, 554-556 (1998).

81.

Boffa, M. C. et al. Predictive value of plasma thrombomodulin in preeclampsia and
gestational hypertension. Thromb. Haemost. 79, 1092-5 (1998).

82.

Bosco, C. et al. Increased immunohistochemical expression of thrombomodulin at
placental perivascular myofibroblast in severe preeclampsia (PE). Histol.

Histopathol. 20, 1045-1055 (2005).

83.

Storey, A. M., Perry, C. J. & Petrie, J. R. Review: Endothelial dysfunction in type 2
diabetes. Br. J. Diabetes Vasc. Dis. 1, 22-27 (2001).

84.

Janka, H. U., Standl, E. & Mehnert, H. Peripheral vascular disease in diabetes

41

mellitus and its relation to cardiovascular risk factors: screening with the doppler
ultrasonic technique. Diabetes Care 3, 207-213 (1980).

85.

Deckert, T., Poulsen, J. E. & Larsen, M. Prognosis of diabetics with diabetes onset
before the age of thirty-one. II. Factors influencing the prognosis. Diabetologia 14,
371-377 (1978).

86.

Kubisz, P. Endothelial and platelet markers in diabetes mellitus type 2. World J.
Diabetes 6, 423 (2015).

87.

Brownlee, M., Cerami, A. & Vlassara, H. Advanced Glycosylation End Products in

Tissue and the Biochemical Basis of Diabetic Complications. N. Engl. J. Med. 318,
1315-1321 (1988).
88.

Esposito, C., Gerlach, H., Brett, J., Stern, D. & Vlassarai, H. Endothelial receptor-

mediated binding of GLUCOSE-MODIFIED ALBUMIN IS ASSOCIATED WITH
INCREASED MONOLAYER PERMEABILITY AND Materials and Methods. J
Exp Med 170, 1387-1407 (1989).
89.

Kirstein, M. et al. Advanced protein glycosylation induces transendothelial human
monocyte chemotaxis and secretion of platelet-derived growth factor: Role in

vascular disease of diabetes and aging. Proc. Natl. Acad. Sci. U. S. A. 87, 9010
9014 (1990).
90.

Hirano, T. et al. Vascular endothelial markers, von willebrand factor and
thrombomodulin index, are specifically elevated in type 2 diabetic patients with
nephropathy: Comparison of primary renal disease. Clin. Chim. Acta 299, 65-75
(2000).

91.

Tabit, C. E., Chung, W. B., Hamburg, N. M. & Vita, J. A. Endothelial dysfunction

42

in diabetes mellitus: Molecular mechanisms and clinical implications. Rev. Endocr.

Metab. Disord. 11, 61-74 (2010).

92.

Hadi, H. A. R. & Al Suwaidi, J. A. Endothelial dysfunction in diabetes mellitus.

Vasc. Health Risk Manag. 3, 853-876 (2007).
93.

Lorenzi, M., Cagliero, E. & Toledo, S. Glucose Toxicity for Human Endothelial
Cells in Culture: Delayed Replication, Disturbed Cell Cycle, and Accelerated Death.
Diabetes 34, 621-627 (1985).

94.

Elsalakawy, W., Farweez, B. T., Sallam, M. H. & Hamza, M. High levels of soluble
thrombomodulin may be a marker of arterial disease and peripheral ischemia in

Egyptian patients with diabetes mellitus. Egypt. J. Haematol. 39, 52-57 (2014).
95.

Shimano, H. et al. Elevated serum and urinary thrombomodulin levels in patients

with non-insulin-dependent diabetes mellitus. Clin. Chim. Acta 225, 89-96 (1994).
96.

Gabat, S. et al. Plasma thrombomodulin: A marker for microvascular complications
in diabetes mellitus. Vasa - J. Vasc. Dis. 25, 233-241 (1996).

97.

McLaren, M., Elhadd, T. A., Greene, S. A. & Belch, J. J. J. F. Elevated plasma

vascular endothelial cell growth factor and thrombomodulin in juvenile diabetic
patients. Clin. Appl. Thromb. 5, 21-24 (1999).
98.

Inukai, T., Fujiwara, Y., Tayama, K., Aso, Y. & Takemura, Y. Clinical significance
of measurements of urinary and serum thrombomodulins in patients with non

insulin-dependent diabetes mellitus. Diabetes Res. Clin. Pract. 33, 99-104 (1996).
99.

Aslan, B., Eren, N., Cigerli, §., Müldür, F. & Yücel, N. Evaluation of plasma protein

C antigen, protein C activity and thrombomodulin levels in type 2 diabetic patients.

Turkish J. Med. Sci. 35, 305-310 (2005).

43

100. Iwashima, Y. et al. Elevation of Plasma Thrombomodulin Level in Diabetic Patients
With Early Diabetic Nephropathy. Diabetes 39, 983-988 (1990).

101.

Von Scholten, B. J. et al. Markers of inflammation and endothelial dysfunction are
associated with incident cardiovascular disease, all-cause mortality, and progression
of coronary calcification in type 2 diabetic patients with microalbuminuria. J.

Diabetes Complications 30, 248-255 (2016).
102.

Kazama, M. clinical evaluation of hemostatic molecular markers. Acta Hematol Jpn

51, 1387-1394 (1988).
103.

Liu, V. et al. Hospital deaths in patients with sepsis from 2 independent cohorts.

JAMA - J. Am. Med. Assoc. J. 312, 90-92 (2014).
104.

Fleischmann, C. et al. Assessment of global incidence and mortality of hospital-

treated sepsis current estimates and limitations. Am. J. Respir. Crit. Care Med. 193,
259-272 (2016).

105.

Dellinger, R. P. et al. Surviving sepsis campaign: International guidelines for
management of severe sepsis and septic shock: 2012. Crit. Care Med. 41, 580-637

(2013).

106.

Okamoto, T., Tanigami, H., Suzuki, K. & Shimaoka, M. Thrombomodulin: A
bifunctional modulator of inflammation and coagulation in sepsis. Crit. Care Res.
Pract. 1-10 (2012) doi:10.1155/2012/614545.

107.

Singer, M. et al. The third international consensus definitions for sepsis and septic
shock (sepsis-3). JAMA - J. Am. Med. Assoc. 315, 801-810 (2016).

108.

Ladha, E., House-Kokan, M. & Gillespie, M. The ABCCs of sepsis: a framework
for understanding the pathophysiology of sepsis. Can. J. Crit. Care Nurs. 30, 12-21

44

(2019).
109. Levi, M. & van der Poll, T. inflammation and coagulation. Crit. Care Med. 38, S2634 (2010).

110. Zeerleder, S., Hack, C. E. & Wuillemin, W. A. Disseminated intravascular

coagulation in sepsis. Chest 128, 2864-2875 (2005).
111.

Mihajlovic, D., Draskovic, B., Brkic, S., Mitic, G. & Lendak, D. Endothelial

dysfunction and interaction between inflammation and coagulation in sepsis and
systemic inflammatory response syndrome (SIRS). HealthMED 6, 1309-1314
(2012).

112.

Iba, T., Yagi, Y., Kidokoro, A., Fukunaga, M. & Fukunaga, T. Increased Plasma
Levels of Soluble Thrombomodulin in Patients with Sepsis and Organ Failure. Jpn

J Surg. 25, 585-590 (1995).
113.

Lin, J. J. et al. Increased serum thrombomodulin level is associated with disease

severity and mortality in pediatric sepsis. PLoS One 12, 1-11 (2017).

114.

Faust, S. N. et al. Dysfunction of endothelial protein C activation in severe

meningococcal sepsis. N. Engl. J. Med. 345, 408-416 (2001).
115.

Mihajlovic, D. M. et al. Thrombomodulin is a Strong Predictor of Multiorgan

Dysfunction Syndrome in Patients With Sepsis. Clin. Appl. Thromb. 21, 469-474
(2015).

116.

Krafte-Jacobs, B. & Brilli, R. Increased circulating thrombomodulin in children with

septic shock. Crit. Care Med. 26, 933-938 (1998).

117.

Gomi, K. et al. Antithrombotic effect of recombinant human thrombomodulin on
thrombin-induced thromboembolism in mice. Blood 75, 1396-1399 (1990).

45

118. Mohri, M., Sugimoto, E., Sata, M. & Asano, T. The inhibitory effect of recombinant

human soluble thrombomodulin on initiation and extension of coagulation--a
comparison with other anticoagulants. Thromb. Haemost. 82, 1687-1693 (1999).
119.

Mohri, M. et al. Effects of recombinant human soluble thrombomodulin (rhs-TM)
on clot-induced coagulation in human plasma. Thromb. Haemost. 80, 925-929

(1998).

120.

Mohri, M. et al. Intravenous extended infusion of recombinant human soluble
thrombomodulin prevented tissue factor-induced disseminated intravascular

coagulation in rats. Am J Hematol. 45, 298-303 (1994).
121.

Aoki, Y. et al. Effects of recombinant human soluble thrombomodulin (rhs-TM) on
a rat model of disseminated intravascular coagulation with decreased levels of

plasma antithrombin III. Thromb. Haemost. 71, 452-455 (1994).
122.

Aoki, Y. et al.

Antithrombotic effects of recombinant human soluble

thrombomodulin (rhs-TM) on arteriovenous shunt thrombosis in rats. Am J Hematol.
47, 162-166 (1994).

123.

Moll, S. et al. Phase I study of a novel recombinant human soluble thrombomodulin,

ART-123. J. Thromb. Haemost. 2, 1745-1751 (2004).
124.

Maruyama, I. Recombinant thrombomodulin and activated protein C in the

treatment of disseminated intravascular coagulation. Thromb. Haemost. 82, 718
721 (1999).
125.

Saito, H. et al. Efficacy and safety of recombinant human soluble thrombomodulin
(ART-123) in disseminated intravascular coagulation: Results of a phase III,

randomized, double-blind clinical trial. J. Thromb. Haemost. 5, 31-41 (2007).

46

126. Aikawa, N. et al. Thrombomodulin alfa in the treatment of infectious patients

complicated by disseminated intravascular coagulation: Subanalysis from the phase
3 trial. Shock 35, 349-354 (2011).

127.

Xu, X. D. et al. In situ recognition of cell-surface glycans and targeted imaging of
cancer cells. Sci. Rep. 3, 1-8 (2013).

128.

Rabuka, D., Forstner, M. B., Groves, J. T. & Bertozzi, C. R. Noncovalent cell
surface engineering: Incorporation of bioactive synthetic glycopolymers into

cellular membranes. J. Am. Chem. Soc. 130, 5947-5953 (2008).
129.

Simons, K. & Sampaio, J. L. Membrane organization and lipid rafts. Cold Spring

Harb. Perspect. Biol. 3, 1-17 (2011).
130.

Singer, O. & Verma, I. M. Applications of Lentiviral Vectors for shRNA Delivery
and Transgenesis.

131.

Noguchi, H. Pancreatic stem/progenitor cells for the treatment of diabetes. The
review of diabetic studies : RDS vol. 7 105-111 (2010).

132.

Peterson, B. R. Synthetic mimics of mammalian cell surface receptors: prosthetic
molecules that augment living cells. Org. Biomol. Chem. 3, 3607-3612 (2005).

133.

Deiters, A. et al. Adding amino acids with novel reactivity to the genetic code of
Saccharomyces cerevisiae. J. Am. Chem. Soc. 125, 11782-11783 (2003).

134.

Lee, D. Y. et al. Cell surface engineering and application in cell delivery to heart

diseases. J. Biol. Eng. 12, 1-11 (2018).
135.

Kellam, B., De Bank, P. A. & Shakesheff, K. M. Chemical modification of

mammalian cell surfaces. Chem. Soc. Rev. 32, 327-337 (2003).
136.

Kayser, H. et al. THE JOURNAL OF BIOLOGICAL CHEMISTRY Biosynthesis of

47

a Nonphysiological Sialic Acid in Different Rat Organs, Using N-Propanoyl-D-

hexosamines as Precursors*. vol. 267 (1992).
137. Liu, T., Guo, Z., Yang, Q., Sad, S. & Jennings, H. J. Biochemical engineering of

surface a2-8 polysialic acid for immunotargeting tumor cells. J. Biol. Chem. 275,
32832-32836 (2000).

138.

Keppler, O. T., Horstkorte, R., Pawlita, M., Schmidt, C. & Reutter, W. MINI
REVIEW Biochemical engineering of the N-acyl side chain of sialic acid: biological

implications. Glycobiology vol. 11 (2001).
139.

Oetke, C. et al. Evidence for efficient uptake and incorporation of sialic acid by
eukaryotic cells.

140.

Wieser, J. R., Heisner, A., Oesch, F. & Reutter, W. In vivo modulated N-acyl side

chain of N-acetylneuraminic acid modulates the cell contact-dependent inhibition

of growth. FEBS Letters vol. 395 (1996).
141.

Link, A. J. & Tirrell, D. A. Cell surface labeling of Escherichia coli via copper(I)-

catalyzed [3+2] cycloaddition. J. Am. Chem. Soc. 125, 11164-11165 (2003).
142.

Kaewsapsak, P., Esonu, O. & Dube, D. H. Recruiting the Host’s Immune System to

Target Helicobacter pylori’s Surface Glycans. ChemBioChem 14, 721-726 (2013).
143.

Tom, J. K., Mancini, R. J. & Esser-Kahn, A. P. Covalent modification of cell

surfaces with TLR agonists improves and directs immune stimulation. Chem.

Commun. 49, 9618-9620 (2013).
144.

Ashwell, G. Studies on the Chemical and Enzymatic Modification of Glycoproteins

A GENERAL METHOD FOR THE TRITIATION OF SIALIC ACID-CONTAINING
GLYCOPROTEINS. THE JOURNAL OA BIOLOGICAL CHEMISTRY vol. 246

48

http://www.jbc.org/ (1971).

145. Tolvanen, M. & Gahmberg, C. G. THE JOURNAL OF BIOLOGICAL CHEMISTRY
In Vitro Attachment of Mono-and Oligosaccharides to Surface Glycoconjugates of
Intact Cells*. Chemists vol. 261 (1986).

146. Swee, L. K., Lourido, S., Bell, G. W., Ingram, J. R. & Ploegh, H. L. One-step

enzymatic modification of the cell surface redirects cellular cytotoxicity and parasite
tropism. ACS Chem. Biol. 10, 460-465 (2015).
147.

Hart, G. & Copeland, R. Glycomics Hits the Big Time. Cell 143, 672-676 (2010).

148.

Pinho, S. S. & Reis, C. A. Glycosylation in cancer: Mechanisms and clinical
implications. Nat. Rev. Cancer 15, 540-555 (2015).

149.

Liu, A. et al. Quantum dots with phenylboronic acid tags for specific labeling of

sialic acids on living cells. Anal. Chem. 83, 1124-1130 (2011).

150.

Qian, R., Ding, L., Bao, L., He, S. & Ju, H. In situ electrochemical assay of cell
surface sialic acids featuring highly efficient chemoselective recognition and a dual

functionalized nanohorn probe. Chem. Commun. 48, 3848-3850 (2012).
151.

Sun, J. et al. Laser Cleavable Probes-Based Cell Surface Engineering for in Situ

Sialoglycoconjugates Profiling by Laser Desorption/Ionization Mass Spectrometry.
Anal. Chem. 90, 6397-6402 (2018).

152.

Mamessier, E. et al. Human breast cancer cells enhance self tolerance by promoting

evasion from NK cell antitumor immunity. J. Clin. Invest. 121, 3609-3622 (2011).
153.

Groh, V., Wu, J., Yee, C. & Spies, T. Tumour-derived soluble MIC ligands impair

expression of NKG2D and T-cell activation. Nature 419, 734-738 (2002).
154.

Fukuda, M. Perspectives in Cancer Research Possible Roles of Tumor-associated

49

Carbohydrate Antigens. Cancer Res. 2237-2244 (1996).
155.

Van Rinsum, J., Smets, L. A., Van Rooy, H. & Van den Eijnden, D. H. Specific

inhibition of human natural killer cell-mediated cytotoxicity by sialic acid and sialo
oligosaccharides. Int J Cancer 38, 915-922 (1986).

156.

Paulson, J., Macauley, M. & Kawasaki, N. Siglecs as sensors of self in innate and
adaptive immune responses. Ann N Y Acad Sci 1253, 37-48 (2012).

157.

Hudak, J. E., Canham, S. M. & Bertozzi, C. R. Glycocalyx engineering reveals a
Siglec-based mechanism for NK cell immunoevasion. Nat. Chem. Biol. 10, 69-75

(2014).

158.

Ravetch, J. V & Bolland, S. IgG Fc Receptors. Annu. Rev. Immunol 19, 275-290

(2001).

159.

Woof, J. M. & Burton, D. R. Human antibody-Fc receptor interactions illuminated
by crystal structures. Nat. Rev. Immunol. 4, 89-99 (2004).

160.

Daeron, M. Fc Receptor biology. Annu. Rev. Immunol 15, 203-234 (1997).

161.

Ghetie, V. & Ward, E. S. FcRn: The MHC class I-related receptor that is more than
an IgG transporter. Immunol. Today 18, 592-598 (1997).

162.

Boonyarattanakalin, S., Martin, S. E., Sun, Q. & Peterson, B. R. A synthetic mimic
of human Fc receptors: Defined chemical modification of cell surfaces enables

efficient endocytic uptake of human immunoglobulin-G. J. Am. Chem. Soc. 128,
11463-11470 (2006).

163.

Han, J., Park, J. & Kim, B. S. Integration of mesenchymal stem cells with

nanobiomaterials for the repair of myocardial infarction. Adv. Drug Deliv. Rev. 95,
15-28 (2015).

50

164. Marfia, G. et al. Mesenchymal stem cells: Potential for therapy and treatment of
chronic non-healing skin wounds. Organogenesis 11, 183-206 (2015).

165.

Segers, V. F. M. & Lee, R. T. Stem-cell therapy for cardiac disease. Nature 451,
937-942 (2008).

166.

Barbash, I. M. et al. Systemic delivery of bone marrow-derived mesenchymal stem

cells to the infarcted myocardium: Feasibility, cell migration, and body distribution.
Circulation 108, 863-868 (2003).

167.

Cheng, Z. et al. Targeted migration of mesenchymal stem cells modified with
CXCR4 gene to infarcted myocardium improves cardiac performance. Mol. Ther.
16, 571-579 (2008).

168.

Askari, A. T. et al. Effect of stromal-cell-derived factor 1 on stem-cell homing and
tissue regeneration in ischaemic cardiomyopathy. Lancet 362, 697-703 (2003).

169.

Won, Y. W., Patel, A. N. & Bull, D. A. Cell surface engineering to enhance
mesenchymal stem cell migration toward an SDF-1 gradient. Biomaterials 35,

5627-5635 (2014).
170.

Emens, L. A. et al. Cancer immunotherapy: Opportunities and challenges in the
rapidly evolving clinical landscape. Eur. J. Cancer 81, 116-129 (2017).

171.

Zhang, Q. et al. CAR-T Cell Therapy in Cancer: Tribulations and Road Ahead. J.

Immunol. Res. 2020, (2020).
172.

Figueroa, J. A. et al. Chimeric antigen receptor engineering: A right step in the

evolution of adoptive cellular immunotherapy. Int. Rev. Immunol. 34, 154-187
(2015).

173.

Titov, A. et al. Advancing CAR T-cell therapy for solid tumors: Lessons learned

51

from lymphoma treatment. Cancers (Basel). 12, 1-22 (2020).
174.

Geissmann, F. et al. Development of monocytes, macrophages, and dendritic cells.

Science (80-. ). 327, 656-661 (2010).
175.

Mantovani, A., Biswas, S. K., Galdiero, M. R., Sica, A. & Locati, M. Macrophage

plasticity and polarization in tissue repair and remodelling. J. Pathol. 229, 176-185
(2013).

176.

Shi, C. & Pamer, E. G. Monocyte recruitment during infection and inflammation.

Nat. Rev. Immunol. 11, 762-774 (2011).
177.

Hoeffel, G. & Ginhoux, F. Fetal monocytes and the origins of tissue-resident
macrophages. Cell. Immunol. 330, 5-15 (2018).

178.

Gordon, S., Plüddemann, A. & Martinez Estrada, F. Macrophage heterogeneity in
tissues: Phenotypic diversity and functions. Immunol. Rev. 262, 36-55 (2014).

179.

Yao, Y., Xu, X. H. & Jin, L. Macrophage polarization in physiological and

pathological pregnancy. Front. Immunol. 10, 1-13 (2019).

180.

Wynn, T. A. Cellular and molecular mechanisms of fibrosis. Journal of Pathology

vol. 214 199-210 (2008).
181.

Gordon, S. The role of the macrophage in immune regulation. Res. Immunol vol.
149 (1998).

182.

Silverstein, S. Phagocytosis of microbes: insights and prospects. Trends Cell Biol 5,

141-142 (1995).
183.

Aderem, A. & Underhill, D. M. MECHANISMS OF PHAGOCYTOSIS IN

MACROPHAGES. Annu. Rev. Immunol vol. 17 (1999).
184.

Pennock, N. D. et al. T cell responses: Naïve to memory and everything in between.

52

Am. J. Physiol. - Adv. Physiol. Educ. 37, 273-283 (2013).
185. Chazaud, B. Macrophages: Supportive cells for tissue repair and regeneration.
Immunobiology vol. 219 172-178 (2014).

186.

Singh, A., Talekar, M., Raikar, A. & Amiji, M. Macrophage-targeted delivery
systems for nucleic acid therapy of inflammatory diseases. Journal of Controlled

Release vol. 190 515-530 (2014).
187.

Sica, A. & Bronte, V. Altered macrophage differentiation and immune dysfunction
in tumor development. Journal of Clinical Investigation vol. 117 1155-1166 (2007).

188.

Choi, J. et al. Use of macrophages to deliver therapeutic and imaging contrast agents
to tumors. Biomaterials 33, 4195-4203 (2012).

189.

Dou, H. et al. Macrophage Delivery of Nanoformulated Antiretroviral Drug to the
Brain in a Murine Model of NeuroAIDS. J. Immunol. 183, 661-669 (2009).

190.

Liu, Y. et al. Ingress of blood-borne macrophages across the blood-brain barrier in

murine HIV-1 encephalitis. J. Neuroimmunol. 200, 41-52 (2008).
191.

Smith, C., Kruger, M. J., Smith, R. M. & Myburgh, K. H. The Inflammatory
Response to Skeletal Muscle Injury Illuminating Complexities.

192.

Rybalko, V., Hsieh, P. L., Merscham-Banda, M., Suggs, L. J. & Farrar, R. P. The
development of macrophage-mediated cell therapy to improve skeletal muscle

function after injury. PLoS One 10, (2015).
193.

Feng, M. et al. Macrophages eat cancer cells using their own calreticulin as a guide:
Roles of TLR and Btk. Proc. Natl. Acad. Sci. U. S. A. 112, 2145-2150 (2015).

194.

Sugimoto, S., Moriyama, R., Mori, T. & Iwasaki, Y. Surface engineering of

macrophages with nucleic acid aptamers for the capture of circulating tumor cells.

53

Chem. Commun. 51, 17428-17430 (2015).

195. Fodje, M. N. & Al-Karadaghi, S. Occurrence, conformational features and amino

acid propensities for the n-helix. Protein Eng. 15, 353-358 (2002).
196.

Chalker, J. M., Bernardes, G. J. L., Lin, Y. A. & Davis, B. G. Chemical modification
of proteins at cysteine: Opportunities in chemistry and biology. Chem. - An Asian J.
4, 630-640 (2009).

197.

Sletten, E. M. & Bertozzi, C. R. Bioorthogonal chemistry: Fishing for selectivity in
a sea of functionality. Angew. Chemie - Int. Ed. 48, 6974-6998 (2009).

198.

Joshi, N. S., Whitaker, L. R. & Francis, M. B. A three-component Mannich-type

reaction for selective tyrosine bioconjugation. J. Am. Chem. Soc. 126, 15942-15943
(2004).

199.

Meunier, S., Strable, E. & Finn, M. G. Crosslinking of and Coupling to Viral Capsid

Proteins by Tyrosine Oxidation. Chem Biol 11, 319-326 (2004).
200. Gavrilyuk, J., Ban, H., Nagano, M., Hakamata, W. & Barbas, C. F. Formylbenzene
diazonium hexafluorophosphate reagent for tyrosine-selective modification of
proteins and the introduction of a bioorthogonal aldehyde. Bioconjug. Chem. 23,

2321-2328 (2012).
201. Antos, J. M. & Francis, M. B. Selective tryptophan modification with rhodium
carbenoids in aqueous solution. J. Am. Chem. Soc. 126, 10256-10257 (2004).

202. Kolb, H. C., Finn, M. G. & Sharpless, K. B. Click Chemistry: Diverse Chemical
Function from a Few Good Reactions. Angew. Chemie - Int. Ed. 40, 2004-2021
(2001).

203. Kolb, H. C. & Sharpless, K. B. The growing impact of click chemistry on drug

54

discovery. DrugDiscov. Today 8, 1128-1137 (2003).

204. Huisgen, R. 1,3-Dipolar Cycloadditions. Angew. Chemie - Int. Ed. 75, 604-637
(1963).

205. Himo, F. et al. Copper(I)-catalyzed synthesis of azoles. DFT study predicts
unprecedented reactivity and intermediates. J. Am. Chem. Soc. 127, 210-216 (2005).

206. Hein, C. D., Liu, X. M. & Wang, D. Click chemistry, a powerful tool for

pharmaceutical sciences. Pharmaceutical Research vol. 25 2216-2230 (2008).
207. Speers, A. E., Adam, G. C. & Cravatt, B. F. Activity-based protein profiling in vivo
using a copper(I)-catalyzed azide-alkyne [3 + 2] cycloaddition. J. Am. Chem. Soc.
125, 4686-4687 (2003).

208. Wang, Q. et al. Bioconjugation by copper(I)-catalyzed azide-alkyne [3 + 2]
cycloaddition. J. Am. Chem. Soc. 125, 3192-3193 (2003).

209. Wang, T. & Guo, Z. Copper in medicine: homeostasis, chelation therapy and
antitumor drug design. Curr Med Chem 13, 525-537 (2006).

210. Wittig, G. & Krebs, A. Zur Existenz niedergliedriger Cycloalkine, I. Chem. Ber. 94,
3260-3275 (1961).

211. Agard, N. J., Prescher, J. A. & Bertozzi, C. R. A strain-promoted [3 + 2] azide
alkyne cycloaddition for covalent modification of biomolecules in living systems. J.

Am. Chem. Soc. 126, 15046-15047 (2004).
212. Baskin, J. M. et al. Copper-free click chemistry for dynamic in vivo imaging.
www.pnas.org/cgi/content/full/ (2007).

213. Ning, X., Guo, J., Wolfert, M. A. & Boons, G. J. Visualizing metabolically labeled
glycoconjugates of living cells by copper-free and fast huisgen cycloadditions.

55

Angew. Chemie - Int. Ed. 47, 2253-2255 (2008).

214. Chang, P. V. et al. Copper-free click chemistry in living animals. Proc. Natl. Acad.
Sci. U. S. A. 107, 1821-1826 (2010).
215. Neef, A. B. & Schultz, C. Selective fluorescence labeling of lipids in living cells.
Angew. Chemie - Int. Ed. 48, 1498-1500 (2009).

216. Ton-That, H., Marraffini, L. A. & Schneewind, O. Protein sorting to the cell wall
envelope of Gram-positive bacteria. Biochim. Biophys. Acta - Mol. Cell Res. 1694,

269-278 (2004).

217. Paterson, G. K. & Mitchell, T. J. The biology of Gram-positive sortase enzymes.
Trends Microbiol. 12, 89-95 (2004).

218. Marraffini, L. A., DeDent, A. C. & Schneewind, O. Sortases and the Art of
Anchoring Proteins to the Envelopes of Gram-Positive Bacteria. Microbiol. Mol.

Biol. Rev. 70, 192-221 (2006).

219. Navarre, W. W. & Schneewind, O. Proteolytic cleavage and cell wall anchoring at
the LPXTG motif of surface proteins in gram-positive bacteria. Mol Microbiol 14,

115-121 (1994).

220. Mazmanian, S. K., Liu, G., Ton-That, H. & Schneewind, O. Staphylococcus aureus

sortase, an enzyme that anchors surface proteins to the cell wall. Science (80-. ). 285,
760-763 (1999).

221. Kruger, R. G. et al. Analysis of the Substrate Specificity of the Staphylococcus
aureus Sortase Transpeptidase SrtA. Biochemistry 43, 1541-1551 (2004).

222. Ton-That, H. & Schneewind, O. Anchor Structure of Staphylococcal Surface

Proteins. J. Biol. Chem. 274, 24316-24320 (1999).

56

223. Theile, C. et al. Site-specific N-terminal labeling of proteins using sortase- mediated

reactions. Nat Protoc 8, 1800-1807 (2013).
224. Ton-That, H., Mazmanian, S., Faull, K. & Schneewind, O. Anchoring of Surface

Proteins to the Cell Wall of Staphylococcus aureus. J. Biol. Chem. 275, 9876-9881
(2000).

225. Huang, X. et al. Kinetic mechanism of Staphylococcus aureus sortase SrtA.

Biochemistry 42, 11307-11315 (2003).
226. Mao, H., Hart, S. A., Schink, A. & Pollok, B. A. Sortase-Mediated Protein Ligation:
A New Method for Protein Engineering. J. Am. Chem. Soc. 126, 2670-2671 (2004).

227. Parthasarathy, R., Subramanian, S. & Boder, E. T. Sortase A as a novel molecular

‘stapler’ for sequence-specific protein conjugation. Bioconjug. Chem. 18, 469-476
(2007).

228. Tsukiji, S. & Nagamune, T. Sortase-mediated ligation: A gift from gram-positive

bacteria to protein engineering. ChemBioChem 10, 787-798 (2009).

57

CHAPTER II

THROMBOMODULIN EXPRESSION AND SHEDDING DURING

MONOCYTE’S DIFFERENTION TO MACROPHAGE

2.1 Introduction
Thrombomodulin (TM) was first discovered by Esmon and Owen in 1981 as an
endothelial cell cofactor for thrombin-mediated protein C activation.1 Endothelial TM

contributes tolocal hemostatic balance by serving as an essential cofactor for the activation

of anticoagulant and anti-inflammatory proteins.2 TM exerts antithrombotic effects by at
least two mechanisms: directly, via direct thrombin inhibition and indirectly, via
accelerating the thrombin-catalyzed local activation of protein C at the site of thrombin
generation.3 When bound to TM on the endothelial surface, thrombin is unable to catalyze

fibrin generation or activate platelets, but instead becomes a potent activator of protein C.
The activated protein C (APC) is an anticoagulant protease that selectively inactivates
coagulation factors Va and VIIIa, providing an essential feedback mechanism to prevent

excessive coagulation and inflammation. Further, TM has direct anti-inflammatory activity
by suppressing adhesion molecule expression.4
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Endothelial TM is a type I transmembrane glycoprotein with 557-amino acid
residues, which is divided into five domains: N-terminal lectin-like domain (TMD1),

epidermal growth factor-like (EGF) domain (TMD2), serine/threonine-rich domain
containing chondroitin sulfate glycosaminoglycan (TMD3), transmembrane domain
(TMD4) and cytoplasmic tail (TMD5).5 Different domains are responsible for different
biological functions of TM.6

The expression of TM has been confirmed on various vascular endothelial cells,

lymphatic endothelial cells and other cells, such as epithelial cells, mesothelial cells,
immune cells and osteoblasts.7 It has been confirmed that TM is a significant biomolecule

involved in many physiological and pathological processes such as coagulation,

inflammation, cancer development, embryogenesis and immunoregulation as well.7

Therefore, TM has attracted tremendous attention from both basic understanding of its
structure and biological functions involved in these physiological and pathological
processes.
In addition to the above mentioned cell types, TM has also been shown to be

expressed in monocytes and macrophages.8 While the role of TM in this class of cells is

still poorly understood, recent research has shed some light in this area. For monocytes, a
main focus of research is how TM is influenced by the presence of and interactions with

lipopolysaccharide (LPS). Initial studies focused on how LPS influenced the expression of

TM. A 1996 study showed that when exposed to LPS, monocytes expressed less TM on

their cell surface but an increased number of microparticles that stained positive for TM.9

More recent studies have looked at the function TM has on monocytes. Again, LPS is a
major focus for elucidating the function. It has been shown that the lectin-like domain of
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TM interacts with the Lewis Y antigen on LPS and blocks LPS’s ability to trigger an

inflammatory response.10 This hinted at the possibility that TM’s role on monocytes is
inflammation related. Recently it has been found that TM is a component of the

CD14/TLR4/MD-2 complex, which plays a role in Gram-negative bacterial based
inflammation.11-16 It was demonstrated that TM facilitates LPS binding to the cell surface
to help induce inflammation.11 In addition to modifying the inflammation response of

monocytes, TM also has been shown to be involved in monocyte migration. When TM was
knocked down in THP-1 monocytes, their chemotactic response to IL-6 was disrupted.17

The cytosolic domain on TM was identified as the negative regulator of chemotaxis.18
Macrophages display remarkable plasticity that allows them to acquire functionally
distinct phenotypes and take part in a large number of physiological and pathological

processes.19 Monocytes are precursors for tissue macrophages, in replenishing resident
macrophages under normal states and in response to inflammation signals by quickly

moving to the sites of infection and dividing/differentiating to macrophages in the tissues.

The differentiation of monocytes into macrophages results in phenotypic changes
illustrated by the expression of specific cell surface antigens and the production of either
pro- or anti-inflammatory mediators.20 This differentiation process influences the

biological functions of these immune cells and leads to a reorganization of cell surface

glycans. Our group and others confirmed that glycan changes occur for the human
monocyte THP-1 cell line upon differentiation to macrophages.21,22 Protein glycosylation
plays a critical role in macrophage cell biology, development, inflammation, and

immunology.
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There are two forms of endothelial TM based on its O-glycosylation, one with and one

without chondroitin sulfate (CS).23 The activation of protein C requires thrombin binding

to the EGF-like domain and is enhanced by a second site binding to the CS moiety attached
to the serine/threonine-rich domain.24 However, there is no research reported on the O-

glycosylation of monocyte TM and macrophage TM. Whether the CS moiety of monocyte
and macrophage TM participates in their biological function remains unclear.

In the present study the TM expression differences between monocytes and after
their differentiation into macrophages was investigated. THP-1 cells have been used

extensively as a model monocyte/macrophage.25-28 These cells also offer several
advantages over primary cells that include ease of culturing, a homogenous genetic
background and cost effectiveness.29 Therefore, the THP-1 cell line was used as model

monocytes in this study. First the cell surface expression of TM on monocytes and
macrophages was determined. Since TM is a transmembrane protein, determining

differences in surface expression levels of TM, in addition to total TM levels, is important.
Flow cytometry and confocal microscopy studies revealed that monocyte’s express a
significantly higher amount of TM on their surface compared to their macrophage

counterpart. This difference is reflected in total TM levels of the two cell types as well.
ELISA and Western Blot analysis of cell lysates showed that THP-1 monocytes express

more total TM than macrophages. Next, TM activity of THP-1 monocytes and
macrophages was determined by the cells’ abilities to activate protein C. Interestingly,
macrophages were able to produce more activated protein C (APC) than monocytes. This

difference in APC generation might be linked to differences in posttranslational
modifications of TM.
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Overall, this study showed how monocytes and macrophages express TM
differently. Also, it was found that THP-1 monocytes and macrophages show different
APC generation abilities. This difference is thought to be due to either differences in post-

translational modifications of TM or the presence/up-regulation of a cofactor for protein C

activation. These findings can give preliminary insight to how the role of TM may change

from monocytes to their differentiation to macrophages.

2.2 Materials and Methods
2.2.1 Materials
All solvents and reagents were purchased from commercial sources and were used

as received unless otherwise noted. Phorbol 12-myristate 13-acetate (PMA), heparin, 4’,6-

diamidino-2-phenylindole (DAPI) were purchased from Sigma-Aldrich Inc. (St. Louis,

MO). Mouse anti-human thrombomodulin antibody, AlexaFL-488 conjugated goat anti
mouse IgG antibody, horseradish peroxidase conjugated goat anti-mouse IgG antibody and
Human Thrombomodulin ELISA set were purchased from Abcam (Cambridge, MA).
Human protein C, human thrombin and human antithrombin III were purchased from

Haematologic Technologies (Essex Junction, VT). BIOPHEN-CS01 was purchased from
Aniara (West Chester, OH). Para-formaldehyde was purchased from Electron Microscopy

Sciences (Hatfield, PA). Fetal bovine serum (FBS), heat-inactivated fetal bovine serum
(HI-FBS), RPMI 1640 medium, penicillin/streptomycin solution and bovine serum

albumin (BSA) were purchased from VWR (Radnor, PA). Chondroitin sulfate antibody
and SuperSignal™ West Pico PLUS Chemiluminescent Substrate kit were purchased from
Thermo Fisher Scientific (Waltham, PA).
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2.2.2 Cell Culture
THP-1 monocytes were cultured in RPMI 1640 medium containing 10% fetal

bovine serum and 1% penicillin/streptomycin. Differentiation of monocytes to

macrophages was induced by treating cells with 10ng/mL PMA for 48hrs. in RPMI 1640
medium supplemented with 10% heat-inactivated fetal bovine serum and 1%

penicillin/streptomycin. All cell types were incubated at 37°C and 5% CO2.

2.2.3 Flow Cytometry Analysis of Surface TM Expression
THP-1 monocytes or differentiated macrophages (1x106 cells/mL) were fixed with

4% para-formaldehyde for 10min. After fixing, cells were washed three times with cold 1x
PBS buffer. Cells were blocked with 5% BSA in 1x PBS buffer for 1hr. at room
temperature. Next the blocking solution was removed and cells were treated with a mouse

IgG anti-human TM primary antibody (1:1000 dilution in 5% BSA, 1x PBS solution) for
1hr. at room temperature. After incubation, cells were wash three times with cold 1x PBS
buffer then treated with an AlexaFL-488 conjugated goat anti-mouse IgG secondary

antibody (1:1000 dilution in 5% BSA, 1x PBS solution) and incubated for 1hr. at room
temperature. After incubation, cells were washed three times with cold 1x PBS buffer and

resuspended in 1x PBS buffer containing 1% BSA and 0.1% NaN3. Cells were immediately

analyzed using a FACSCanto II system (BD Bioscience) for flow cytometry analysis.

2.2.4 Confocal Microscopy Analysis of Surface TM Expression
THP-1 monocytes (6x104 cells per tube) were fixed with 4% para-formaldehyde

for 10min. After fixing, cells were washed three times with 1x PBS buffer and blocked

using a 5% BSA, 1x PBS buffer solution. Cells were blocked for 1hr. at room temperature.
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After incubation, the blocking solution was removed and cells were incubated with 300^L
of a primary antibody solution (1:1000 dilution of mouse IgG anti-human TM antibody in

5% BSA, 1x PBS buffer solution) for 1hr. at room temperature. The antibody solution was
removed and the cells were washed three times with 1x PBS buffer. Next cells were
incubated with 300^L of a secondary antibody solution (1:1000 dilution of AlexaFL-488

conjugated goat anti-mouse IgG antibody in 5% BSA, 1x PBS buffer solution) for 1hr. at
room temperature. After incubation the antibody solution was removed and the cells were

washed three times with 1x PBS buffer. Following washing, cells were incubated with

300^L of a 300nM DAPI solution for 1hr. at room temperature. The DAPI solution was
then removed and the cell pellet was washed three times with 1x PBS. Cells were pelleted
down and the excess solution aspirated off. The cell pellet was then resuspended with 30uL

of Prolong Gold Anti-fade reagent and deposited onto a coverslip. The coverslip was

placed onto a microscope slide and allowed to cure overnight.
Differentiated macrophages were plated into 6-well plates at a density of 6x104

cells/well where each well contained a glass coverslip. Cells were allowed to incubate

overnight to allow for adherence. After overnight incubation cells were washed three times
with 1x PBS buffer and fixed with 4% para-formaldehyde for 10min. After fixing, the para

formaldehyde solution was aspirated off and the cells were washed three times with 1x

PBS buffer. Coverslips were then blocked with 5% BSA, 1x PBS buffer for 1hr. Blocking
solution was aspirated off and 300^L of primary antibody solution was added (1:1000

dilution of mouse IgG anti-human TM antibody in 5% BSA, 1x PBS buffer solution) and
incubated for 1hr. at room temperature. The antibody solution was then removed and the

coverslips were washed three times with 1x PBS buffer. 300^L of secondary antibody
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solution was then added to each coverslip (1:1000 dilution of AlexaFL-488 conjugated

goat anti-mouse IgG antibody in 5% BSA, 1x PBS buffer solution) and incubated for 1hr.
at room temperature. Excess solution was removed and coverslips were washed three times

with 1x PBS. After washing, 300^L of 300nM DAPI solution was added to each coverslip

and incubated for 10min. at room temperature. After incubation the DAPI solution was

removed and coverslips were washed three times with 1x PBS buffer. Coverslips were

mounted to slides by adding 30^L of ProLong™ Gold Anti-fade reagent to the coverslip
and placed onto the microscope slide and allowed to cure overnight. Slides were imaged
the following day using a Nikon A1RSI Confocal Microscope using a 60x oil objective.

2.2.5 Western Blot Analysis of Total TM Expression of THP-1 Monocytes and
Differentiated Macrophages
200^g of total protein from cell lysates were added to each lane and run by SDS-

PAGE. Gels were transferred to polyvinylidene fluoride (PVDF) membranes and blocked
with 5% milk in tris-buffered saline, tween-20 (TBST) buffer for 1hr. at room temperature.

Membranes were incubated with a primary antibody solution (1:1000 dilution of mouse

IgG anti-human TM antibody in 5% milk, TBST buffer) overnight at 4°C. After overnight
incubation, membranes were washed three times with TBST buffer for 5min. Next,

membranes were incubated with a secondary antibody solution (1:1000 dilution of HRP-

conjugated goat anti-mouse IgG antibody in 5% milk, TBST buffer) at room temperature
for 1hr. Membranes were then washed three times with TBST buffer for 5min. Antibody

detection was determined using SuperSignal™ West Pico PLUS Chemiluminescent
Substrate and photographic film
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2.2.6 ELISA Determination of Total TM Expression of THP-1 Monocytes and
Differentiated Macrophages
Total amount of TM from cell lysates were determined by using the

Thrombomodulin Human ELISA set (Abcam) with some modifications. Briefly, 40uL of
stock capture antibody solution was diluted into 10mL of coating buffer (1x PBS, 0.09%

NaN3) and 100^L of this diluted solution was added to each well of a 96-well ELISA plate.

The plates were incubated overnight at 4°C. The next day the capture antibody solution
was removed and the plates were washed. To each well, 400^L of washing buffer (1x PBS,

0.05% Tween-20) was added and incubated for 5min., this step is repeated one time. Plates
were then blocked with 5% BSA solution and incubated for 2hrs., then washed twice. Next,

100^L of sample or standard was added to each well along with 50^L of diluted detection
antibody solution (1x PBS, 1% BSA). Sample solutions contained 100^g total protein each
and the concentration range for the standards was 0-20ng/mL TM. These solutions were

incubated for 1hr. at room temperature. After incubation, the plates were washed twice

then treated with a streptavidin-HRP solution (1x PBS, 1% BSA, 0.1% Tween-20) for
30min. Plates were washed and 100^L of TMB substrate mix was added to each well. The
plates were allowed to develop a blue color then read at 620nm.

2.2.7 ELISA Determination of Shed TM of THP-1 Monocytes and Differentiated

Macrophages
For THP-1 monocytes, 3x105 cells were seeded into a 100mm2 culture dish in 10mL
of medium. Cells were allowed to incubate for two days and then the cell medium was

collected. For THP-1 macrophages, 1x106 cells were seeded into a 100mm2 culture dish in
10mL medium and immediately differentiated using the above-mentioned protocol. After
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the differentiation process the medium was collected. Medium samples were concentrated

using a 10kDa molecular weight cutoff centrifugal filter. TM levels were measured using
the Thrombomodulin Human ELISA set as described earlier, where 200^g of total protein
was added to each sample well.

2.2.8 APC Generation Assay
THP-1 monocytes or differentiated macrophages were plated at a density of 60,000

cells/well in a 12-well plate. Cells were incubated with 200nM protein C for 5min. at 37°C.
Next, thrombin was added to each well to a final concentration of 8.9mg/mL. The cells

mixture was then allowed to incubate for 1 hr. at 37°C while shaking. To terminate the

production of APC, 2^L of heparin (10U/mL) and 30uL of antithrombin III (1mg/mL)
were added to each well and allowed to incubate for 10min. Plates were centrifuged down

and 100^L of medium was taken from each well and transferred to a 96-well plate. To

determine APC generation, 50^L of 0.5mM BIOPHEN CS-01 (38) substrate was added to
each well and incubated for 20min. at 37°C while shaking. Absorbance was read at 405nm
using a multiplate reader.

2.3 Results and Discussion
2.3.1 Flow Cytometry Analysis of Surface TM Expression

First, the surface expression of TM of THP-1 monocytes and THP-1 macrophages
was analyzed by flow cytometry. To tag TM protein, a double immunostaining approach
was used. First, cells were incubated with a mouse anti-human TM antibody and further

tagged using an AlexaFL-488 conjugated goat anti-mouse IgG antibody. After analysis, it
was shown that monocytes express significantly higher levels of TM than their macrophage
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counterpart. When looking at the histograms of the complete stained cells (Figure 2.1), the

monocytes show a greater right shift, indicating a higher fluorescence signal. Since
fluorescent signal is proportional to the amount of TM present, this translates to THP-1

monocytes expressing more TM on their cell surfaces compared to THP-1 macrophages.
Also, control histograms show that untreated cells, cells treated with the primary antibody
only or cells treated with the secondary story do not show any significant fluorescent signal.

Comparing mean fluorescent intensities of THP-1 monocytes and macrophages show that
macrophages express about 50% less TM than monocytes on their cell surface (Figure 2.2).
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Figure 2.1: Histograms for flow cytometry analysis of surface thrombomodulin
expression of THP-1 monocytes and macrophages
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Figure 2.2: Mean fluorescent intensities of surface TM of THP-1 monocytes and
macrophages using flow cytometry analysis. Data represents mean +/- standard error

of the mean, n=3, P<0.05
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2.3.2 Confocal Microscopy Analysis of Surface TM Expression
To confirm the results seen from the flow cytometry study, confocal microscopy
analysis of surface levels of TM of THP-1 monocytes and macrophages was performed.
TM protein on cells was stained for using a double immunostaining technique. THP-1

monocytes or macrophages were first incubated with an anti-human TM antibody, then
followed by an AlexaFL-488 conjugated goat anti-mouse IgG antibody. Cells were further

stained with DAPI to visualize the nucleus. After staining, monocytes were mounted onto
microscopy slides and analyzed. THP-1 monocytes were shown to have a strong

fluorescence signal on their surface (Figure 2.3). In comparison, macrophages showed a

significantly fainter fluorescent signal on their cell surface (Figure 2.4). These results
confirm that macrophages express less TM on their cell surface compared to their

monocyte precursor.
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Figure 2.3: Confocal microscopy analysis of surface thrombomodulin expression of
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2.3.3 Western Blot Analysis of Total TM Expression of THP-1 Monocytes and
Differentiated Macrophages
To determine if the differences seen in surface TM expression are a result of

differences in overall expression, western blot analysis was first performed. Total cell
lysates of THP-1 monocytes and macrophages were run using SDS-PAGE and then

transferred to a PVDF membrane. TM protein was probed for using a mouse anti-human
antibody as a primary antibody and then a goat anti-mouse IgG antibody conjugated with

HRP. Membranes were developed using a fluorogenic substrate and photographic film.
Comparing band densities of THP-1 monocyte and macrophage cell lysates, it was shown
that monocytes show a denser band than macrophages (Figure 2.5). This translates into

monocytes expressing more total TM compared to macrophages. When normalizing to P

actin, monocytes were shown to express almost double the amount of TM than
macrophages. This result provides reasoning to the differences seen in surface TM levels.

Since monocytes express more TM overall, it correlates well that they would also express

more TM on their cell surface.
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Figure 2.5: Total TM expression of THP-1 monocyte and macrophage cell lysates as
determined by western blot. Data represents mean +/- standard deviation, n=3
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2.3.4 . ELISA Determination of Total TM Expression of THP-1 Monocytes and
Differentiated Macrophages
To gain a more quantitative comparison of total TM levels of THP-1 monocytes

and macrophages, ELISA analysis of cell lysates was performed. Total cell lysate samples

were applied to an ELISA plate containing an anti-human TM capture antibody. After
incubation and washing, biotinylated anti-TM detection antibody and HRP conjugated

streptavidin solutions were added. The quantity of TM was determined by the addition of
a substrate that becomes blue upon conversion by HRP. Similar to the results seen from
western blot analysis, THP-1 monocytes expressed more total TM compared to

macrophages (Figure 2.6). These results further give reason as to why monocytes express
more TM on their cell surfaces compared to their macrophage counterpart.
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Figure 2.6: Total TM expression of THP-1 monocyte and macrophage cell lysates as
determined by ELISA. Data represents mean +/- standard deviation, n=3
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2.3.5 ELISA Determination of Shed TM of THP-1 Monocytes and Differentiated

Macrophages
In addition to exploring differences in surface and total TM levels, it was of interest

to how THP-1 monocytes and macrophages shed TM differently. The amounts of shed TM

were determined by a sandwich ELISA technique. Both the capture and detection
antibodies were against human TM. The detection antibody was biotinylated and could be
tagged using streptavidin, which is conjugated with HRP. The quantity of TM was then

determined using a HRP compatible chromogenic substrate. ELISA results showed that

macrophages shed significantly more TM during their differentiation from monocytes
versus resting monocytes (Figure 2.7). This increase in shedding might also play a role in

why macrophages express less TM on their cell surface. During cell differentiation there
are a lot of changes that occur, which includes changes to the cell surface. Since

macrophages express less TM on their cell surface compared to monocytes, the monocytes
have to remove TM from their cell surface during differentiation. One possible route of

removal could be direct shedding from the membrane based on these results.
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Figure 2.7: Amount of shed TM from THP-1 and differentiated macrophages as
determined by ELISA. Data represents mean +/- standard deviation, n=3
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2.3.6 APC Generation Assay
One of TM’s hallmark activities is its involvement in activating protein C.

However, not much is known about how well monocytes and macrophages can activate
protein C. To determine the APC generation ability of monocytes and macrophages, cells

were incubated with protein C and thrombin and allowed time to generate APC. The
amount of APC generated was determined by the conversion of a chromogenic substrate.
Earlier results showed that monocytes express more TM on their cell surface compared to

macrophages, so it would be expected that they would also have a higher APC generation

activity. Surprisingly, the opposite was found in this study. Despite expressing less TM on
their cell surface, macrophages were able to generate more APC than monocytes (Figure
2.8).

This finding raises questions as to why this difference in activity is seen. Three
reasons have been proposed for the change. First, it could be possible that the TM expressed

between the two cell types have large structural differences, such as missing domains.

However, when looking back at western blot data (Figure 2.5), the TM bands seen are in
the same position. This means that there are no large structural changes between the TM

expressed by monocytes and macrophages. Second, macrophages could be expressing a

new or increasing cofactor than monocytes that helps activate APC. In endothelial cells,

there is a specific receptor that helps bind protein C to allow it to be better activated by the
thrombin-thrombomodulin complex. This receptor is the endothelial protein C receptor

(EPCR).30 Notably, EPCR has also been found to be expressed THP-1 monocytes,
however the expression of EPCR is unknown in THP-1 macrophages.31 Third, the post-

translational modifications between monocyte and macrophage TM could be different and
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may relate to changes in TM’s ability to activate protein C. TM is a glycoprotein and

contains sites for N-type and O-type glycosylation.32-34 Two specific types of glycosylation
modifications of TM are the addition of sialic acid and chondroitin sulfate. Previous work

in our lab has found that when THP-1 cells differentiate from monocytes to macrophages,
their sialylation profile changes. Specifically, sialic acid levels were decreased in THP-1

macrophages compared to monocytes.21 These changes seen globally could also be
reflected at the protein level and have an effect of protein C binding, ultimately leading to

how well protein C is activated. Chondroitin sulfate is a glycosaminoglycan found in the
serine/threonine-rich domain of TM.35 It has been demonstrated that chondroitin sulfate
enhances thrombin binding to TM and helps the activation of protein C.35-37 However,
when looking again at the western blot data it appears that both forms of TM does not

contain chondroitin sulfate. Researchers exploring how the chondroitin sulfate group
affects rTM function have seen consistent western blotting patterns between TM with and

without chondroitin sulfate. When TM expresses chondroitin sulfate, it shows a smeared

band compared to a sharp band seen with TM lacking the moiety38,39. The bands seen for
THP-1 monocyte and macrophages are sharp with no smearing, indicating they may not

contain chondroitin sulfate. However, the TM of the THP-1 monocytes and macrophages

could have other changes in glycosylation, such as N-glycans with different amounts of
sialic acid.
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Figure 2.8: Activated protein C (APC) generation of THP-1 monocytes and
macrophages. Data represents mean +/- standard deviation, n=3
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There are some pitfalls that face this current project. First, the APC assay used relies

on the assumption the APC is the only agent that can convert the chromogenic substrate.

However, it may be possible that another molecule present could be able to do the same
conversion. A second assay to determine APC levels that does not rely on its activity is

needed. Looking for APC protein levels directly using western blotting or ELISA
techniques would be a reliable approach. Secondly, the cell line used for this study, THP-

1 cells, does not overexpress TM. This can pose an issue for future experiments where a
large amount of purified TM protein from these cells are needed. Assay protocols may have

to be adjusted in order to detect the low levels of TM on these cells.

2.4 Conclusion
In this study, the differences in TM expression, shedding and activity between
THP-1 monocytes and macrophages was investigated. Flow cytometry and confocal

microscopy analysis showed that THP-1 monocytes express more TM on their cell surfaces
than macrophages. Western blot and ELISA results showed that in addition to THP-1

monocytes expressing more surface TM, they also express more total TM. When looking
at shedding dynamics between resting monocytes and monocytes differentiating into

macrophages, it was seen that a higher amount of TM is shed during differentiation. This
may be one contributing factor as to why monocytes express more surface TM compared

to their macrophage counterpart. Lastly, the APC generation activity of THP-1 monocytes
and macrophages was determined as a measure of overall measure of TM activity. Despite

expressing less surface TM, macrophages were shown to be able to generate more APC in
a given time versus monocytes. This result raises many questions as to why and how

macrophages are able to activate more protein C despite expressing less TM. Differences
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in post-translational modifications and other cofactors expressed on THP-1 macrophages
could be the reasons for the increase in APC generation activity. Overall, this research
confirmed the differences in TM expression, shedding and APC generation between THP-

1 monocytes and their macrophages form, indicating their physiological and pathological
relevance in vivo. Continuing research is well deserved in the future.
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CHAPTER III

CELL SURFACE RE-ENGINEERING WITH ANCHORING LIPIDS WITH
DIFFERENT PERFORMANCE

3.1 Introduction
The cell surface is ornamented with a large variety of biomolecule that allow it to
serve as a platform for many biological processes. One set of these biomolecules is lipids,
which the cell membrane contains a large variety of. There are more than 1,000 unique

lipids that compose the membrane of eukaryotic cells but the most common types are

glycerophospholipids such as phosphatidylcholine and phosphatidyethanolamine.1,2 When
considering the plasma membrane, sterols and shphingolipids are in higher concentrations
due to their ability to pack closer together to help the cell against physical stress.1 One of

these sterols is cholesterol, which helps determine the cell membrane’s fluidity and
elasticity.3-5
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With being home to a diverse number of biomolecules, the cell membrane has been

looked to as a platform for introducing cargo to cells. These applications include drug

delivery, antigen delivery and imaging.6-8 To accomplish these applications, numerous cell
surface re-engineering techniques have been developed. Common chemistry based

techniques include direct chemical modification, metabolic engineering and lipid/liposome

fusion.9,10
Modifications to the cell membrane using lipid-based systems have been explored
and have found success. One of these methods of delivery is using free lipids as an anchor
to tether molecules of interest to the cell membrane. Lipids that have shown successful

incorporation include cholesterol and various phospholipids.11-13 Free lipids have been able
to deliver a wide variety of molecules such as fluorophores, glycopolymers and

oligonucleotides.14-16
One major role macrophages play is as antigen presenting cells. Macrophages can
uptake foreign molecules, process them and then present them on their cell surface.17

Macrophages have drawn attention as a possible drug delivery system. Using cells, in

particular immunocytes such as macrophages, as drug delivery carriers offers some
advantages over common techniques. These include targeted transport, improved drug
half-lives and decreased toxicity.18 So far macrophages have been used to deliver many
different types of therapeutics including anti-cancer agents and antiretroviral drugs. 19,20

Recently, our group has shown the potential of using functionalized lipids for cell
surface re-engineering applications. Two anchoring lipids, phospholipid (DSPE-PEG2000-

DBCO) and cholesterol (CHOL-PEG2000-DBCO) based anchor lipids were synthesized and
characterized by NMR spectroscopy. The potential prospect of using DSPE-PEG2000-
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DBCO and CHOL-PEG2000-DBCO anchor lipids for cell surface re-engineering was

assessed with RAW 264.7 cells as model. Both a one-step and two-step introduction of

cargo was assessed using biotin as a model cargo. The successful incorporation of

biotinylated anchor lipids was confirmed by confocal microscopy and flow cytometry after
specific streptavidin-FITC binding onto the cells. Cholesterol afforded relatively higher
cell membrane incorporation efficiency with less internalization compared to the

phospholipid as an anchoring lipid. Furthermore, the cytotoxic effect of the synthesized

biotinylated anchor lipids on the RAW 264.7 cells was assessed. Thus, this study suggests
the possible use of these lipids for potential cell surface re-engineering applications.21
In this present study the results of the one-step introduction of biotin to the cell

surface of RAW 264.7 cells using either a biotinylated DSPE or cholesterol-based anchor
was confirmed (whose structures are shown in Figure 3.1) as well as determine their
residence lifetime on the cell membrane. Two types of lipid anchors were investigated in
this study, DSPE-PEG2000-Biotin and cholesterol-PEG2000-Biotin. The incorporation

efficiencies of the two anchors lipids were determined using different concentrations at a
constant incubation time of 20 min. Successful incorporation was determined using a
FITC-labeled streptavidin molecule followed by confocal microscopy (Figure 3.2). The

cholesterol-based anchor lipid afforded a significantly higher incorporation efficiency
compared to the DSPE-based anchor lipid. Due to its higher incorporation efficiency, only
the membrane residence time of the cholesterol-based anchor was determined. RAW 264.7

cells were incubated with different concentrations of cholesterol-PEG2000-biotin for 30min.
The fluorescent intensities of streptavidin labeled cells were tracked for a 4-hour time

period after the initial incubation period by confocal microscopy. It was shown that
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cholesterol anchor lipids leave the cell membrane at different rates based on their initial
treatment concentration but all have a residence half-life of about 1 hr. Overall, this study

shows how different lipid anchors have different incorporation efficiencies into the cell
membrane of macrophages and how long these anchors can last on the cell membrane,

indicating how long introduced cargo will remain on the cell to exert a particular function.
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Figure 3.1: Structures of Cholesterol-PEG2000-Biotin and DSPE-PEG2000-Biotin
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3.2 Materials and Methods
3.2.1 Materials
All solvents and reagents were purchased from commercial sources and were used

as received, unless otherwise noted. Deionized water was used as a solvent in all

procedures. DSPE-PEG2000-Biotin and Cholesterol-PEG2000-Biotin were purchased from
Avanti Polar Lipids, Inc (Alabaster, AL). Streptavidin-fluorescein isothiocyanate
(Streptavidin-FITC) were purchased from Biolegend (San Diego, CA). Dulbecco’s
modified Eagle medium (DMEM) medium and 3-(4, 5-dimethylthiazol-2-yl)-2, 5-

diphenyltetrazolium bromide (MTT) were purchased from Life Technologies (Grand

Island, NY).

3.2.2 Cell culture
The mouse macrophage cell line RAW264.7 cells were cultured in DMEM medium

supplemented with 10% fetal bovine serum, penicillin (100 units/mL) and streptomycin
(100 |ig/mL) at 37 °C in 5% CO2 conditions. Upon reaching confluency, cells were

subcultured by trypsinization with (0.25% trypsin, 0.02% EDTA) for 5min. at 37 °C.

3.2.3 Cell Surface Re-engineering of RAW 264.7 cells with Cholesterol-PEG2000-Biotin
and DSPE-PEG2000-Biotin anchor lipids
RAW 264.7 cells were washed three times and seeded into 6-well plates, where

each well contained a glass coverslip, and allowed to incubate overnight to allow cells to

adhere to the coverslips. Medium was aspirated off and cells were gently washed three
times with cold 1x PBS buffer (pH 7.4). Cells were then incubated with a 5, 10, 15, 20, 25
or 30^M Cholesterol-PEG2ooo-Biotin or a 10, 20, 30, 50, 75 or 100^M DSPE-PEG20O0-

Biotin solution. The lipid anchors were dissolved in a 1x PBS buffer (pH 7.4), 0.05%
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DMSO solution prior to addition. The cells were allowed to incubate for 20min. at 37oC.

The lipid anchor solutions were then aspirated off and the cells were washed twice with 1x
PBS buffer (pH 7.4). Cells were then fixed with a 4% para-formaldehyde solution and
incubated for 10min, at room temperature and in the dark. After the fixing process, cells
were washed twice with 1x PBS buffer and treated with 300^L of a streptavidin-FITC
solution (0.625^g/mL in 1x PBS) and incubated for 1hr. at room temperature in the dark.

The streptavidin solution was then removed from the coverslips were washed by
completely submerging them in 1x PBS buffer (pH 7.4) for 5min, twice. Next, cells were
incubated with 300^L of a 300nM DAPI solution for 10min. at room temperature in the

dark. After incubation, the DAPI solution was removed and the coverslips were washed by

submersion in 1x PBS buffer (pH 7.4) for 5min., three times. Lastly, 30^L of ProLong
Gold Antifade reagent was added to the cell side of each coverslip and mounted onto
microscope slides. The slides were allowed to cure overnight at room temperature prior to
analysis by confocal microscopy. The slides were imaged using a Nikon A1RSI Confocal

Microscope with a 60x oil objective.

3.2.4 Retention time of biotinylated lipid conjugate (CHOL-PEG2000-Biotin) on the
cell membrane

RAW 264.7 cells were seeded into 6-well plates with each well containing a glass

coverslip. The cells were then left to incubate overnight to allow for attachment to the
coverslip. After the overnight incubation, the cell medium was aspirated off and the cells
were washed twice with 1x PBS buffer (pH 7.4). Next, cells were incubated with either a

2.5, 5, or 10^M cholesterol-PEG2ooo-biotin solution (total volume 1 mL) for 30min. at
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37oC. Control cells were incubated with 1x PBS buffer (pH 7.4) for 30 min. at 37oC. The
treatment solution was then aspirated off and the cells were washed twice with 1x PBS

buffer (pH 7.4). Fresh DMEM medium was added to each well and cells were placed back

into the incubator. After a set time point, cells were removed from incubation, washed, and
fixed. Time points were 0, 0.5, 1, 2, and 4hrs. from the removal of the cholesterol solution.

Control cells were taken out with time 0hr. cells. When a time point was reached, media
was aspirated from the cells and then the cells were washed twice with 1x PBS buffer (pH

7.4). Cells were then fixed with a 4% para-formaldehyde solution for 10min. at room
temperature and then washed twice with 1x PBS buffer (pH 7.4). Next, 300^L of a

0.625^g/mL streptavidin-FITC solution was added to each coverslip and let set for 1hr. at
room temperature. After streptavidin incubation, coverslips were washed by submerging

the coverslips in 1x PBS buffer (pH 7.4) for 5 min. and repeated two times. After washing,
300^L of 300nM DAPI solution was added to each coverslip and let sit for 10min. at room

temperature. After incubation, coverslips were washed by submerging the coverslips in 1x
PBS buffer (pH 7.4) for 5min., this was repeated three times. Coverslips were mounted to

slides by adding 30^L of ProLongTM Gold Anti-fade reagent to each coverslip and cured
at room temperature overnight. The slides were imaged using a Nikon A1RSI Confocal
Microscope with a 60x oil objective.

3.3 Results and Discussion
This study demonstrated a simple, fast and efficient method to modify the surface
of RAW 264.7 cells using free lipid anchors. The different abilities of DSPE and
Cholesterol based anchors to insert themselves into the cell membrane were demonstrated.
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It was also shown how long the Cholesterol-PEG2000-Biotin anchor could reside on the cell
surface of RAW 264.7 macrophages, giving insight to how long a therapeutic cargo could
last on the membrane using this method of introduction.

3.3.1 Cell Surface Re-engineering of RAW 264.7 cells with Cholesterol-PEG2000-Biotin

and DSPE-PEG2000-Biotin anchor lipids
Confirmation of the different incorporation efficiencies of Cholesterol and DSPE-

based anchors was further proven in this study. Using confocal microscopy, Cholesterol-

PEG2000-Biotin treated cells labeled with streptavidin-FITC (Figure 3.3) showed greater
fluorescent intensities compared to their DSPE counterpart (Figure 3.4). This is in

agreement with our group’s previous findings. Cells treated with 5uM of the cholesterol
anchor solution showed the highest incorporation into the membrane of RAW 264.7
macrophages. Concentrations 10-25^M showed similar fluorescent intensities to each
other and were only slightly less bright. Despite this, the cells treated at these

concentrations still showed good anchor insertion. However, when the treatment was
30^M, there was noticeable decrease in fluorescence intensity.
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Figure 3.3: Confocal Microscopy images of RAW 264.7 cells treated with different
concentrations of Cholesterol-PEG2000-Biotin
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Figure 3.4: Confocal Microscopy images of RAW 264.7 cells treated with different
concentrations of DSPE-PEG2000-Biotin
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Figure 3.5: Confocal Microscopy images of untreated RAW 264.7 cells and cells
treated with streptavidin-FITC only
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3.3.2 Retention time of biotinylated lipid conjugate (CHOL-PEG2000-biotin) on the
cell membrane

In order for lipid anchors to be good molecules for cell surface modifications, they

must reside on the cell surface long enough for the introduced molecule of interest to exert

its function. Since the cholesterol-based anchor afforded much higher incorporation
efficiency over DSPE, only the cholesterol anchor was looked at for this experiment. RAW
264.7 cells were treated with various concentrations (2.5, 5 and 10^M) of free cholesterol-

PEG2000-biotin anchor. Cells were then probed with a FITC labeled streptavidin molecule
and analyzed by confocal microscopy (Figure 3.6 and Figure 3.7). Interestingly, the kinetic
profile 5 and 10^M treatments show a sharp jump from the time 0hr. measurement and the

0.5hr. measurement before a straightforward decrease in fluorescence intensity (Figure
3.8). There are many phenomena that could explain this observation. Two of these causes

center around the use of streptavidin as the probe. The first of these is that streptavidin can

bind up to four biotin molecules. At high concentrations of lipid anchor on the cell surface,

streptavidin could bind multiple biotin moieties so that the there is not a 1:1 ratio of
streptavidin to biotinylated lipid anchor. As the anchors leave the cell surface, the anchors
still present may be able to spread out enough to allow for more of a true 1:1 binding of

streptavidin to biotin. The second of these phenomena is that the binding of streptavidin

could block incoming streptavidin molecules from binding to free biotin on the anchors.
Streptavidin is a large molecule and can sterically hinder other molecules from binding.

This situation is also relieved when the surface concentration of lipid anchor is reduced.
The last situation that could cause the spike in fluorescence intensity is fluorescence
quenching. To test whether the above-mentioned signal jump is concentration based, we
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tested a low concentration of the lipid anchor (2.5^M). Predictively, the decay in
fluorescence intensity at this treatment concentration is straightforward, with no spike in

concentration in the early time points. Overall it was found that there is a concentration
dependent rate loss of anchors from the cell membrane and the retention half-life of the
Cholesterol-PEG2000 for residing on the cell surface of RAW 264.7 cells is 1hr.
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Figure 3.6: Confocal microscopy images of RAW 264.7 cells treated with 2.5^M
Cholesterol-PEG2000-Biotin and their fluorescence decay overtime
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Figure 3.7: Confocal microscopy images of RAW 264.7 cells treated with 5^M
Cholesterol-PEG2000-Biotin and their fluorescence decay overtime
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Figure 3.8: Confocal microscopy images of RAW 264.7 cells treated with 10^M
Cholesterol-PEG2000-Biotin and their fluorescence decay overtime
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Figure 3.9: Confocal Microscopy images of untreated RAW 264.7 cells, cells treated
with streptavidin-FITC only and cells only treated with varying concentrations of
Cholesterol-PEG2000-Biotin
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^^10uM
^^2.5gM

^^5gM

Figure 3.10: Retention time of directly anchored biotinylated cholesterol lipid onto
cell surface of RAW 264.7 cells at different concentrations (2.5, 5 and 10 gM) in 1x
PBS (pH 7.4) at room temperature. Error bars represent standard deviation, n = 3.
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There are some pitfalls that face this current project. For example, it needs to be

investigated if the introduction of the anchor lipid to the macrophage cell membrane leads

to their activation. Activated macrophages can release cytokines into their surroundings,
which could cause unwanted side effects. It is ideal for the modified macrophages to remain

in the M0 state.

3.4 Conclusion
In this study, a fast and efficient method for modifying the cell membrane using

DSPE and cholesterol-based anchor lipids was demonstrated. Confocal microscopy
findings indicated the successful anchoring of cholesterol-PEG2000-biotin and DSPE-

PEG2000-biotin into the cell membrane of RAW 264.7 macrophages. However, the
cholesterol-based anchor afforded a much more efficient anchoring compared to the DSPE
anchor. It was also observed that negligible amounts of the anchor were internalized into

the cell. The difference in the incorporation efficiencies between the two types of anchors
is most likely due to their structural differences. Cholesterol is uncharged, small and
slightly rigid while DSPE is a phospholipid that carries a charge and its lipid chains are

more flexible compared to the ring structure of cholesterol. The negative charge of the
phosphate head of DSPE can cause repulsion between it and the overall negative charge of

the cell membrane due to the phospholipids already present in the membrane. Also, the

flexibility of the fatty chains may make it difficult for them to insert into the membrane.

Cholesterol on the other hand has no charge, so it does not have to overcome issues relating

to charges and is small so it may have an easier time of inserting into the membrane. In
addition to incorporation efficiency, membrane residence time of cholesterol was
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determined. For higher concentrations of cholesterol, a jump in fluorescence intensity was

seen between 0hr. and 0.5hr. timepoints and then a normal decay trend is seen. This issue

was resolved when using a lower concentration. This difference was attributed to the use

of streptavidin as the probing molecule or fluorescent quenching. These findings combined
with those made previously in our lab show the potential of using cholesterol-based anchors

for cell surface re-engineering applications.
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CHAPTER IV

CELL SURFACE RE-ENGINEERING OF MACROPHAGES WITH
RECOMBINANT THROMBOMODULIN USING LIPID FUSION

4.1 Introduction
Due to its role in a variety of biological processes, thrombomodulin (TM) has been

proposed as a possible therapeutic protein. TM has many beneficial activities that are
exerted by the protein itself and through the activation of other cofactors such as protein

C. Direct activities of TM include acting as an anticoagulant by its ability to bind thrombin,
a procoagulant enzyme in its unbound form, and anti-inflammatory activities through its

lectin-like domain. TM’s EGF-like domain binds thrombin and blocks thrombin’s exosite
needed to inactivate certain coagulation factors.1-3 The lectin-like domain of TM protects
against inflammation by

interfering with

complement activation,

neutralizing

lipopolysaccharide (LPS) and binding to high-mobility group box 1 protein (HMGB1) and

promoting its degradation.4-6 LPS is a pro-inflammatory stimulus displayed on the surface

of Gram-positive bacteria and HMGB1 is a inducer of systemic inflammation.7-9 Thus
blocking these molecules can lead to anti-inflammatory effects. TM can exert beneficial
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functions through indirect actions too, mainly by its ability to activate protein C. Activated
protein C (APC) can inactivate procoagulant factors and block inflammatory cytokine
production.10-12 It is through these activities that TM can act as a possible therapeutic.
Recombinant forms of TM have been developed as possible therapeutics. These
forms of TM are often a combination of the first three domains of TM: the lectin-like

domain, the EGF-like domain and the serine/threonine-rich domain.13,14 Since these forms

lack the transmembrane domain, they are more soluble in aqueous environments and are
often called soluble thrombomodulin (sTM). So far, sTM has shown positive outcomes for

the treatment of disseminated intravascular coagulation, preeclampsia and acute respiratory
distress syndrome.15-17 There is currently one sTM therapeutic approved in Japan, ART-

123 or Recomodulin ®, and is approved for the treatment of disseminated intravascular
coagulation (DIC).18
Using proteins as therapeutics has promising implications but they do suffer from

some drawbacks. The main issue of protein therapeutics is their stability in the human
body. Protein drugs can undergo rapid metabolism and be cleared by the body before they

can execute any therapeutic activity.19 Degradation of proteins is also an issue. Some

proteins can become unstable when removed from their natural environment and the high
amount of proteolytic enzymes in the blood can also degrade unprotected proteins.20,21 To

overcome these issues, researchers have started to modify or formulate these proteins
differently to help with stability issues. These strategies include PEGylation, polymer

encapsulation and by adding the protein to a support.22-24 These supports include

liposomes, nanoparticles and cells.25-27
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Macrophages have caught the attention of researchers as a drug carrier due to its
role in a wide variety of biological processes. One key feature of macrophages is their
ability to migrate to specific locations in the body. Cells undergoing damage or stress can
release chemical signals that attract cells, known as chemokines, to the site of
disturbance.28,29 Inflammation is a common trigger for the release of chemokines. Among

these chemokines are a few specific for attracting macrophages, including macrophage
migration inhibitory factor and macrophage chemotactic protein-1.30,31 This ability of

being able to be directed to sites of inflammation makes macrophages a potentially useful
carrier for anti-inflammatory drugs.32 Also, since inflammation accompanies a large
variety of primary disease conditions, macrophages could be used to deliver therapeutics

to resolve the cause of inflammation.
Macrophages are an ideal candidate for cell re-engineering with recombinant TM

(rTM). As mentioned above, rTM can act as an anti-inflammatory agent and macrophages

can be directed to sites of inflammation. Re-engineering the surface of macrophages with
rTM can allow for a delivery system to bring rTM to sites of inflammation. Macrophages
have been demonstrated to be useful platforms for cell-based therapies so this extension

could be lucrative. Also, studies in Chapter II demonstrated that THP-1 macrophages
express less surface TM than their monocyte precursor. Thus, it may be beneficial to re

introduce TM to the surface of macrophages to help with possible loss of function due to
the decrease in expression.
Our lab has developed a recombinant form of TM that expresses EGF-like
subdomains 4-6 (rTM456). This protein also expresses and N-terminal FLAG tag that is
used for identification proposes. At the C-terminus, a LPETG motif was incorporated for
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ligation with sortase A reactions and a His6 tag for purification use.33 Previous research in

our lab has shown the ability to introduce an azide group at the C-terminus of rTM456 using
a sortase A reaction. This added azide can then be targeted for copper free click chemistry

for additional modification to the protein.34 With this azide group at the C-terminus of

rTM456 a liposomal formulation was prepared, which showed increased stability of the
protein while maintaining its activity.35,36

This study aimed to expand the previous work by modifying rTM456 with a
cholesterol anchor to re-engineer the surface of RAW 264.7 macrophages (Figure 4.1).

rTM456 was expressed and an azide functional group was incorporated to the C-terminus
using a sortase A ligation strategy. The introduction of the azide group allows for

subsequent modification with a DBCO-functionalized cholesterol anchor using copper free
click chemistry. The successful conjugation and characterization of rTM456 resulted in

rTM456-PEG2000-Cholesterol. Successful incorporation of the conjugate into the surface of
RAW 264.7 cells was confirmed by confocal microscopy using an AlexaFL-488

conjugated anti-FLAG antibody to tag incorporated rTM-conjugate. The incorporation of

rTM456-PEG2000-Cholesterol also showed little toxicity toward the decorated cells as shown
through MTT assay measurements.
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Figure 4.1: Overall research design of cell surface re-engineering of macrophages
with cholesterol anchored rTM456
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4.2 Materials and Methods
4.2.1 Materials
All reagents and materials were used as received from commercial sources unless
otherwise noted. Cholesterol-PEG2000-DBCO was purchased from Avanti Polar Lipids

(Alabaster, AL). DAPI, Lennox Broth medium, kanamycin sulfate, isopropyl b-D-

thiogalactopyranoside (IPTG) and DBCO-Cy5 were purchased from Sigma-Aldrich (St.

Louis, MO). The mouse monoclonal antibody against human TM and the goat antibody
against mouse IgG conjugated to horseradish peroxidase (HRP) were purchased from
Abcam (Cambridge, MA). DMEM medium, fetal bovine serum, penicillin/streptomycin

solution, and the mouse monoclonal antibody against FLAG-tag conjugated with AlexaFL488 were purchased from VWR (Ragnor, PA). DBCO-PEG3-azide was purchased from

Click Chemistry Tools (Scottsdale, AZ). Para-formaldehyde was purchased from Electron
Microscopy Sciences (Hatfield, PA). ProLong™ Gold Antifade Reagent, Nickel-NTA

agarose, methyl-thiazolyl-tetrasolium (MTT) and SuperSignal™ West Pico PLUS
Chemiluminescent Substrate kit rtrs purchased from ThermoFisher Scientific (Waltham,
MA).

4.2.2 Cell Culture

The mouse macrophage cell line RAW 264.7 cells were cultured in DMEM
medium supplemented with 10% fetal bovine serum, penicillin (100 units/mL) and

streptomycin (100 ug/mL) at 37 °C in 5% CO2 conditions. Upon reaching confluency, cells

were subcultured by trypsinization with (0.25% trypsin, 0.02% EDTA) for 5min. at 37°C.

4.2.3 Expression, Purification and Characterization of FLAG-rTM456
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30^L of E. coli B834 (DE3) cells that have been transfected with the expression
plasmid for FLAG-TM456, pET28B-FLAG-TM3, (Figure 4.2) were added to 25mL of LB

medium with 35mg/L kanamycin and incubated overnight at 37°C with shaking. The

overnight culture was then added to 500mL of LB medium with 35m/mL kanamycin
sulfate and incubated until the solution an OD600 of 0.6 was reached. Induction was then

initiated by adding IPTG to a final concentration of 1mM. The bacteria were allowed to
incubate for 5hrs. at 37°C with shaking to allow for the overexpression of protein. After

incubation, bacteria were pelleted down and the pellet was stored at -80°C for further use.

For purification, cell pellets were resuspended in 40mL of cold lysis buffer (20mM
Tris, 150mM NaCl, pH 8.0) containing phenylmethylsulfonyl fluoride (PMSF). Cells were

lysed by sonication. The lysed bacterial solution was then centrifuged at 20,000rpm at 4°C
for 10min. The resulting supernatant was then loaded into a column packed with Nickel-

NTA Agarose. The column was washed with lysis buffer, lysis buffer with 50mM
imidazole and lysis buffer with 100mM imidazole. FLAG-TM456 was eluted off the column
using a 250mM imidazole buffer. Pooled fractions were then concentrated and dialyzed
against lysis buffer. The concentration of protein was determined by Bradford assay.
Characterization of the purified protein was accomplished by gel electrophoresis

followed by either Coomassie staining or western blotting. For western blotting,

membranes were blocked for 1hr. with 5% milk in TBST buffer at room temperature.
Membranes were then incubated with mouse anti-human thrombomodulin antibody
(1:1000 dilution in 5% milk in TBST buffer) overnight at 4°C. Next, membranes were
washed with TBST buffer for 10min, three times. After washing, the membranes were
treated with goat anti-mouse IgG HRP antibody (1:1000 dilution in 5% milk in TBST
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buffer) for 1hr. at room temperature. After the secondary antibody incubation, the

membrane was washed like described earlier. The membrane was developed using the

SuperSignal™ West Pico PLUS Chemiluminescent Substrate kit.
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LPETG-His6
FLAG Tag
I
I
MGDYKDDDDKSVEPVDPCFRANCEYQCQPLNQTSYLCVCAEGFAPIPHEP
HRCQLFCNQTACPADCDPNTQASCECPEGYILDDGFICTDIDECENGGFCS
GVCHNLPGTFECICGPDSALAGOIGTDCDSGGS^GELPETGGHHHHHH*

Sortase A His6 Tag
Recognition
Sequence

Figure 4.2: Structure and amino acid sequence of rTM456

121

4.2.4 Expression and Purification of Sortase A

A recombinant form of Sortase A (residues 60-206) containing a C-terminal His6tag was expressed from E. coli BL21 containing the pET28b-SrtA plasmid. 30^L of stock

E. coli cells was added to 25mL of LB medium with 35mg/L kanamycin and incubated
overnight at 37°C with shaking. After overnight incubation, the overnight culture was
transferred to 500mL of LB medium with 35m/mL kanamycin and incubated until the
solution an OD600 of 0.6 was reached. Induction was then initiated by adding IPTG to a

final concentration of 1mM and the bacteria was allowed to incubate for 5hrs. at 37°C with
shaking. After incubation, bacteria were pelleted down and the pellet was stored at -80°C
for further use.
To purify sortase A, the previously obtained cell pellets were resuspended in 40mL

of cold lysis buffer (20mM Tris, 150mM NaCl, pH 8.0) containing PMSF. Cells were then

lysed by sonication then centrifuged at 20,000rpm at 4°C for 10min. The supernatant was
then loaded into a Nickel-NTA agarose column. Unbound protein was washed off with

lysis buffer, lysis buffer with 50mM imidazole and then lysis buffer with 100mM
imidazole. Sortase A was eluted off the column using a 250mM imidazole buffer. Pooled

fractions were then concentrated and dialyzed against lysis buffer. The concentration of
protein was determined by Bradford assay.

4.2.5 Synthesis, Characterization and Sortase A ligation of rTM456 to Produce rTM456azide
To a 2mL tube, 800uL of 0.6mg/mL rTM456 solution, 100uL of 0.6mg/mL Sortase

A solution, 75^L of 200mM CaCh solution, 20uL of 8mg/mL Gly2-PEG4-azide and 505^L
of reaction buffer (20mM Tris, 150mM NaCl, pH 8.0) was added. The solution was
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incubated for 2hrs. at 37°C. Successfully conjugated rTM-azide was purified from the
reaction mixture by collecting the flow through fraction of a HisTrap column. Excess Gly2-

PEG4-azide was removed from the purified solution by using a centrifugal filter with a

molecular weight cutoff of 10kDa. The concentration of the pure rTM-azide was
determined by Bradford Assay.

The success of the reaction was determined by incubating the purified rTM-azide
with a DBCO-conjugated dye followed by gel electrophoresis. Briefly, l0ug of rTM-azide
was incubated with 10x molar concentration of DBCO-Cy5 dye for 1hr. in the dark.

Samples were then run on a 15% SDS-PAGE Gel and scanned using a fluorescent scanner
(Amersham Typhoon, General Electric). The gel was then stained with Coomassie blue.

4.2.6 Synthesis and Characterization of Cholesterol Addition to rTM456-azide
To a glass vial, rTM456-azide solution was incubated with 10 molar excess of

Cholesterol-PEG2000-DBCO overnight at room temperature. The reaction solution was then
filtered with a 10kDa molecular weight cutoff centrifugal filter to remove unreacted

Cholesterol-PEG2000-DBCO. The concentration of rTM-Cholesterol was determined by
Bradford Assay. The solutions concentration was then adjusted to 5^M protein. The

success of the reaction was determined by SDS-PAGE followed by Coomassie Staining.

4.2.7 Determination of Anchoring Efficiency of rTM456-PEG2000-Cholesterol onto
RAW 264.7 Macrophages Using Confocal Microscopy
RAW 264.7 cells were seeded into 6-well plates, where each well contained a glass

coverslip, at a density of 15,000cells/well, and incubated overnight to allow the cells to

adhere to the coverslip. After overnight incubation, old culture medium was removed and
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the cells were washed three times with 1x PBS (pH: 7.4). Cells were then treated with 5uM

rTM456-PEG2000-Cholesterol or 1x PBS (total volume 1mL) for control wells for 30min. in
the cell incubator. The solutions were then aspirated off the cells were washed three times
with 1x PBS. Cells were then fixed with a 4% para-formaldehyde solution for 10min. at
room temperature. After fixing, cells were washed three times with 1x PBS. Coverslips

were then removed from the wells and moved to racks. For fluorescent detection, cells were
treated with 300^L of a mouse anti-FLAG antibody conjugated with FITC (1:1000 dilution

in 1x PBS) and incubated for 1hr. at room temperature, in the dark. Coverslips were washed
three times by completely submerging them into cold IxPBS buffer for 5min. Next, 300^L

of a 300nM DAPI solution was added to each coverslip. Cells were then incubated for
10min. at room temperature. The coverslips were then washed three times by submerging
them in cold 1x PBS buffer for 5min. Microscope slides were then prepared by adding

30^L of Prolong™ Gold Anti-fade reagent to each coverslip and mounting the coverslip
to a glass microscope slide. Slides were allowed to cure overnight at room temperature in

the dark. The slides were imaged using a Nikon A1RSI Confocal Microscope with a 60x

oil objective.

4.2.8 MTT Assay
RAW 264.7 cells were seeded into 96-well plates at a density of 2.5x104 cells per

well and incubated for 24hrs. The next day, old medium was removed and cells were gently
washed with 1x PBS twice. Cells were then incubated with either serum-free phenol red

free DMEM medium, PBS or 5uM rTM456-Cholesterol (total volume 100^L) for 20min. in
the cell incubator. The treatment solutions were then removed and the cells were washed

twice with 1x PBS. To each well, 100^L of serum-free phenol red-free medium and 10^L
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of 5mg/mL MTT solution was added. Cells were then placed back in the incubator and
allowed to incubate for 4hrs. After incubation, 100^L of DMSO was added to each well to
solubilize the formed MTT crystals and the plate was read at 570nm using a multiplate

reader.

4.3 Results and Discussion
4.3.1 rTM456 Expression and Characterization
A recombinant form of TM containing EGF-like domains 4-6 was expressed using

E. coli as an expression host. This recombinant TM, rTM456, also contains a FLAG tag at
its N-terminus that will be later used for tagging. It also contains a LPETG motif and a His6
tag at the C-terminal end. The LPETG motif can be recognized by sortase A and used to

introduce different modifications to the protein, in this study this ligation technique was
used to introduce an azide functional group. The His6 tag was used for purification purposes
using a nickel-NTA column. After expression and purification, fractions were run by SDS-

PAGE then analyzed by Coomassie Blue staining and western blot. Coomassie Blue
staining shows strong bands around 25kDa in elution fractions 1-5 (Figure 4.3). Only

rTM456 should be eluted in these fractions so seeing bands here is a first indication of
successful expression and purification of rTM456. To further validate that this band is for

rTM456, western blot analysis using an antibody against TM was employed (Figure 4.4).
Positive staining seen in the elution lanes proves that the bands seen in the Coomassie Blue
stained gel is TM.
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Figure 4.3: Coomassie Blue stained SDS-PAGE gel of rTM456 expression products.
Lane 1, molecular weight ladder; lanes 2 & 3, E. coli cell lysate supernatant; lanes, 4

& 5, flow through fraction; lane 6, 0mM imidazole wash fraction; lane 7, 50mM
imidazole wash fraction; lanes 8-12, 250mM elution fractions; lane 13, 400mM
imidazole wash fraction
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Figure 4.4: Western Blot analysis of rTM456 expression products. Lane 1, E. coli lysate
supernatant; lane 2, 0mM imidazole wash fraction; lanes 3-6, 250mM elution

fractions 1-4; lane 7, 400mM imidazole wash fraction
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4.3.2 Synthesis and Characterization of rTM456-azide
In order to introduce an azide group into rTM456, sortase A-mediated ligation was

employed (Figure 4.5). Sortase A will recognize the LPETG motif at the C-terminal end

of the protein and cleave between the tyrosine and glycine residue. This creates an acyl
enzyme intermediate. To remove the ligated sortase A enzyme from rTM456, Gly2-PEG3azide was used as the nucleophile. This diglycine molecule creates a new amide bond with

the tyrosine of rTM456 to create rTM456-azide. For purification the loss of the His6 tag of

successfully reacted rTM456 was taken advantage of and a nickel-NTA column was used to

bind unreacted rTM456 and sortase A, both of which still have His6 tags. The flow through
portion of the column yields rTM456-azide and excess Gly2-PEG3-azide. To remove the
excess Gly2-PEG3-azide, the solution was run through a 10kDa molecular weight cutoff
filter. The resulting concentrated solution only contains rTM456.

To characterize the purified protein, SDS-PAGE was utilized (Figure 4.6). Using

Coomassie blue staining alone, it is difficult to confirm if the reaction was successful. The
change in molecular weight between the starting and end products of the sortase A ligation

reaction are too close and any change in band position is not easily observable. However,

the newly incorporated azide group can be tagged with a small fluorescent reporter, here

Cy5 was used, linked to a DBCO group. The azide and DBCO functional groups will react
via CFCC to produce a fluorescently labeled protein. Before running the samples on the

gel, designated samples were treated with DBCO-Cy5 and let set for 1hr. After the samples

were run using SDS-PAGE, they were analyzed using a fluorescent scanner. If the azide
was successfully introduced into rTM456, it should react with the DBCO-Cy5 dye and show
a signal in a position that matches its corresponding band seen in the Coomassie stained
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gel. Successful incorporation of the azide group into rTM456 was seen by the positive signal

seen in the fluorescent scan image of the purified reaction product. This proved that the
purified protein from the sortase A ligation reaction is rTM456-azide. A lane which
contained unreacted rTM that was incubated with the DBCO-Cy5 dye was also ran. No
positive signal was present in this lane, which is expected, and shows that the dye did not
nonspecifically binding to rTM456 itself.
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Figure 4.5: Sortase A Ligation Scheme
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Figure 4.6: SDS-PAGE and fluorescent image of rTM456-azide. Lane 1, molecular
weight marker; lane 2, rTM456; lane 3, rTM456 plus DBCO-Cy5 dye; lane 4, rTM456

conjugated with DBCO-Cy5 dye
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4.3.3 Synthesis and Characterization of rTM456-PEG2000-Cholesterol

After successful incorporation of an azide group into our rTM456 protein, the lipid
anchor can be covalently attached. In this study, a cholesterol anchor was used. The

cholesterol anchor used contained a terminal DBCO group, to be used for CFCC, and a

long PEG linker, which helped with water solubility of the anchor. The CFCC attachment

of the cholesterol anchor to the rTM456-azide protein is simple and straightforward, making

it a user-friendly reaction (Figure 4.7). After overnight incubation of the protein and lipid
anchor, the reaction was purified using a 10kDa molecular weight cutoff filter to remove
excess Cholesterol-PEG2000-DBCO. To characterize the purified product, the samples were

analyzed using SDS-PAGE (Figure 4.8). When Cholesterol-PEG2000-DBCO is successfully

reacted with rTM456-azide, the is a downshift in band position seen in the SDS-PAGE gel.
Normally when adding groups to proteins, thus increasing its overall molecular, one would
expect a shift upward in band position. However, a unique phenomenon happens when

adding hydrophobic groups.37 Due to increased binding of SDS to the hydrophobic groups,
the protein gains more negative charge and moves farther down the gel.
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R.T.,24hrs.

Figure 4.7: Copper free click chemistry addition of DBCO-PEG2000-Cholesterol to
rTM456-azide

133

Figure 4.8: Coomassie stained SDS-PAGE gel of rTM456-PEG2000Cholesterol product.
Lane 1, molecular weight marker; lane 2, ÆM456 (5^g); lane 3, ÆM456-PEG2000-

Cholesterol (^g); lane 4, rTM456-PEG2ooo-Cholesterol (10^g); lane 5 rTM456 (10p,g)
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4.3.4 Anchoring Efficiency of rTM456-PEG2000-Cholesterol
With the successful synthesis of rTM456-PEG2000-Cholesterol, the first test of the
lipidated protein was to assess how well it could incorporate into living cells. The plasma

membrane of cells is mostly composed of phospholipids and other types of hydrophobic

molecules, including cholesterol. These molecules offer many regions for hydrophobic
interactions with hydrophobic anchors. Cholesterol and cholesterol-type anchors has been
used to anchor for small molecules and peptides to living cells so it is a good candidate to

deliver small proteins to the plasma membrane.38,39

To test anchoring efficiency, RAW 264.7 mouse macrophages were treated with a

rTM456-PEG2000-Cholesterol solution. To search for successfully incorporated protein, a
fluorescently labeled anti-FLAG antibody was used. The rTM456 expressed in this study

has a FLAG tag at its N-terminus and in this study was used for identification. FLAG motifs
are not naturally expressed so this motif is unique to rTM456. Using confocal microscopy,

the incorporation of rTM456-PEG2000-Cholesterol was assessed (Figure 4.9). Cells treated
with the conjugate showed fluorescent signal on the cell membrane, indicating the

successful anchoring of rTM456-PEG2000-Cholesterol into RAW 264.7 cells. Cells whom
were not treated with rTM456-PEG2000-Cholesterol were also treated with the anti-FLAG
AlexaFl488 antibody to check for nonspecific binding of the detection antibody. When
analyzed, no fluorescent signal was seen indicating that antibody is not binding random

molecules and requires rTM456-PEG2000-Cholesterol present on the cell surface in order for
a positive signal to be seen. Overall, confocal microscopy showed the successful

incorporation of rTM456-PEG2000-Cholesterol into the plasma membrane of RAW 264.7
cells.
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Figure 4.9: Confocal microscopy analysis of RAW 264.7 cells decorated with rTM456PEG2000-Cholesterol
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4.3.5 MTT Assay
To test whether the RAW 264.7 cells were healthy after incorporation of rTM456-

PEG2000-Cholesterol, cellular toxicity of the conjugate was determined by MTT assay.
After a 20min. treatment time, the cells treated with PBS, the solvent used to keep rTM456PEG2ooo-Cholesterol in solution, and 5uM rTM456-PEG2ooo-Cholesterol showed little

toxicity (Figure 4.10). Actually, cells treated with the two treatment conditions were able
to convert more MTT into its formazan form when compared to cells treated with medium
only. This could be due to increases in mitochondrial function or an increase in

proliferation. However, no dramatic toxicity to the cells was seen.
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Figure 4.10: MTT assay results of RAW 264.7 cells treated with rTM456-PEG2000Cholesterol, n=2
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4.4 Conclusion
In this study, cell surface re-engineering of RAW 264.7 macrophages with rTM456

using lipid fusion was demonstrated. Using a sortase A ligation strategy, an azide

functional group was able to be introduced at the C-terminus of rTM456. This azide allowed
for the addition of a DBCO-functionalized cholesterol anchor using copper free click
chemistry. This cholesterol anchor allowed the protein to be anchored into the plasma

membrane of macrophages. After only 30min. of incubation, rTM456-PEG2000-Cholesterol

was able to successfully incorporate into the cell surface of RAW 264.7 macrophages, as
confirmed by confocal microscopy. Also, the introduction of the conjugate caused little
toxicity to the cells. Overall, a conjugation strategy to add a cholesterol anchor to rTM456

to allow for its introduction to the cell surface of macrophages via lipid fusion was shown.
This lipid fusion approach is fast and efficient and could potentially be used as a cell surface
re-engineering strategy for modifying other cells with rTM456 for therapeutic purposes.

4.6 References
1.

Kurosawa, S., Stearns, D. J., Jackson, K. W. & Esmon, C. T. A 10-kDa cyanogen
bromide fragment from the epidermal growth factor homology domain of rabbit
thrombomodulin contains the primary thrombin binding site. J. Biol. Chem. 263,

5993-5996 (1988).
2.

Coughlin, S. R. How the protease thrombin talks to cells. Proc. Natl. Acad. Sci. U.

S. A. 96, 11023-11027 (1999).

3.

Wood, M. J., Sampoli Benitez, B. A. & Komives, E. A. Solution structure of the

smallest cofactor-active fragment of thrombomodulin. Nat. Struct. Biol. 7, 200-204

139

(2000).
4.

Abeyama, K. et al. The N-terminal domain of thrombomodulin sequesters highmobility group-B1 protein, a novel antiinflammatory mechanism. J. Clin. Investig.

115, 1267-1274 (2005).

5.

Van De Wouwer, M. et al. The lectin-like domain of thrombomodulin interferes
with complement activation and protects against arthritis. J. Thromb. Haemost. 4,
1813-1824 (2006).

6.

Shi, C. S. et al. Lectin-like domain of thrombomodulin binds to its specific ligand

Lewis Y antigen and neutralizes lipopolysaccharide-induced inflammatory
response. Blood 112, 3661-3670 (2008).

7.

Wenzel, R. P., Pinsky, M. R., Ulevitch, R. J. & Young, L. Clinical understanding of

sepsis. Clin. Infect. Dis. 22, 407-413 (1995).
8.

Rietschel, E. et al. Bacterial Endotoxin: Chemical Constitution, Biological
Recognition, Host Response, and Immunological Detoxification. Curr Top

Microbiol Immunol 216, 39-81 (1996).

9.

Wang, H. et al. HMG-1 as a late mediator of endotoxin lethality in mice. Science
(80-. ). 285, 248-251 (1999).

10.

Rosing, J. & Tans, G. Coagulation factor V: an old star shines again. Thromb.

Haemost. 78, 427-433 (1997).
11.

Esmon, C. T. The regulation of natural anticoagulant pathways. Science (80-. ). 235,
1348-1352 (1987).

12.

Murakami, K. et al. Activated protein C prevents LPS-induced pulmonary vascular

injury by inhibiting cytokine production. Am. J. Physiol. 272, 197-202 (1997).

140

13.

Parkinson, J. F. et al. Stable expression of a secretable deletion mutant of

recombinant human thrombomodulin in mammalian cells. J. Biol. Chem. 265,
12602-12610 (1990).
14.

Shi, C. S. et al. Evidence of human thrombomodulin domain as a novel angiogenic
factor. Circulation 111, 1627-1636 (2005).

15.

Kobayashi, T., Kajiki, M., Nihashi, K. & Honda, G. Surveillance of the safety and
efficacy of recombinant human soluble thrombomodulin in patients with obstetrical
disseminated intravascular coagulation. Thromb. Res. 159, 109-115 (2017).

16.

Shin, M. et al. Thrombomodulin improves maternal and fetal conditions in an

experimental pre-eclampsia rat model. J. Obstet. Gynaecol. Res. 40, 1226-1234
(2014).
17.

Miyoshi, S. et al. Combination therapy with sivelestat and recombinant human
soluble thrombomodulin for ARDS and DIC patients. Drug Des. Devel. Ther. 8,
1211-1219 (2014).

18.

Aikawa, N. et al. Thrombomodulin alfa in the treatment of infectious patients

complicated by disseminated intravascular coagulation: Subanalysis from the phase
3 trial. Shock 35, 349-354 (2011).
19.

Akash, M. S. H., Rehman, K., Tariq, M. & Chen, S. Development of therapeutic
proteins: Advances and challenges. Turkish J. Biol. 39, 343-358 (2015).

20.

Jiskoot, W. et al. Protein Instability and Immunogenicity: Roadblocks to Clinical
Application of Injectable Protein Delivery Systems for Sustained Release. J. Pharm.

Sci. 101, 946-954 (2012).

21.

Braeckman, R. Pharmacokinetics and pharmacodynamics of protein therapeutics.

141

(Marcel Dekker Inc, 2000).

22.

Milton Harris, J., Martin, N. E. & Modi, M. Pegylation: A novel process for

modifying pharmacokinetics. Clin. Pharmacokinet. 40, 539-551 (2001).
23.

Milton Harris, J. & Chess, R. B. Effect of pegylation on pharmaceuticals. Nat. Rev.
Drug Discov. 2, 214-221 (2003).

24.

Hamid Akash, M. S., Rehman, K. & Chen, S. Natural and synthetic polymers as
drug carriers for delivery of therapeutic proteins. Polym. Rev. 55, 371-406 (2015).

25.

Sun, S. et al. A magnetic, luminescent and mesoporous nanocomposite as protein

drug Carrier. Microporous Mesoporous Mater. 277, 261-266 (2019).

26.

Tuffin, G., Waelti, E., Huwyler, J., Hammer, C. & Marti, H. P. Immunoliposome
targeting to mesangial cells: A promising strategy for specific drug delivery to the

kidney. J. Am. Soc. Nephrol. 16, 3295-3305 (2005).

27.

Lutz, H., Hu, S., Dinh, P.-U. & Cheng, K. Cells and cell derivatives as drug carriers
for targeted delivery. Med. Drug Discov. 3, 100014 (2019).

28.

Rossi, D. & Zlotnik, A. THE BIOLOGY OF CHEMOKINES AND THEIR

RECEPTORS. Annu. Rev. Neurosci. 18, 217-242 (2010).

29.

Rollins, B. J. Monocyte chemoattractant protein 1: A potential regulator of

monocyte recruitment in inflammatory disease. Mol. Med. Today 2, 198-204
(1996).
30.

Lee, Y. et al. In vivo MR evaluation of the effect of the CCR2 antagonist on
macrophage migration. Magn. Reson. Med. 64, 72-79 (2010).

31.

Baeck, C. et al. Pharmacological inhibition of the chemokine CCL2 (MCP-1)
diminishes liver macrophage infiltration and steatohepatitis in chronic hepatic

142

injury. Gut 61, 416-426 (2012).
32.

Visser, J. G., Van Staden, A. D. P. & Smith, C. Harnessing macrophages for

controlled-release drug delivery: Lessons from microbes. Front. Pharmacol. 9, 1
18 (2019).
33.

Wang, L., Jiang, R., Wang, L., Liu, Y. & Sun, X. L. Preparation of chain-end
clickable recombinant protein and its bio-orthogonal modification. Bioorg. Chem.

65, 159-166 (2016).
34.

Jiang, R., Wang, L., Weingart, J. & Sun, X. L. Chemo-Enzymatic Bioorthogonal
Chemistry

for

Site-Specific

Double

Modification

of

Recombinant

Thrombomodulin. ChemBioChem 15, 42-46 (2014).
35.

Zhang, H. et al. Bio-inspired liposomal thrombomodulin conjugate through bio
orthogonal chemistry. Bioconjug. Chem. 24, 550-559 (2013).

36.

Wang, L. et al. Recombinant and chemo-/bio-orthogonal synthesis of liposomal
thrombomodulin and its antithrombotic activity. J. Biosci. Bioeng. 124, 445-451
(2017).

37.

Rath, A., Glibowicka, M., Nadeau, V. G., Chen, G. & Deber, C. M. Detergent
binding explains anomalous SDS-PAGE migration of membrane proteins. Proc.

Natl. Acad. Sci. U. S. A. 106, 1760-1765 (2009).
38.

Jia, H. R., Zhu, Y. X., Chen, Z. & Wu, F. G. Cholesterol-Assisted Bacterial Cell
Surface Engineering for Photodynamic Inactivation of Gram-Positive and Gram
Negative Bacteria. ACS Appl. Mater. Interfaces 9, 15943-15951 (2017).

39.

Crone, N. S. A., Minnee, D., Kros, A. & Boyle, A. L. Peptide-mediated liposome
fusion: The effect of anchor positioning. Int. J. Mol. Sci. 19, (2018).

143

CHAPTER V

SUMMARY

Thrombomodulin (TM) is a transmembrane protein that is mainly expressed by
endothelial cells but also other cells including monocytes and macrophages. Given its
distribution throughout the body, TM plays a role in many biological functions such as
coagulation, inflammation and cell adhesion. These functions are clearly defined for

endothelial TM but remain poorly understood for other cell types including monocytes and
macrophages. TM’s activities have also garnered attention as a possible therapeutic agent.

Recombinantly expressing TM’s EGF-like domains 4-6 only offers an anticoagulant

protein that retains the ability to activate protein C. However, unmodified recombinant TM
(rTM) suffers from poor stability in vivo, a common issue with protein therapeutics. To

overcome this issue, proteins can be modified and/or conjugated to supports to help protect
the protein. Using cells, especially macrophages, as a drug delivery system is a good

approach because cells are natural to the human body and can be directed to disease sites.
There were two main goals of this research. First was to study the differences in TM

expression between monocytes and macrophages. Second was to develop a lipid fusion
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based cell surface re-engineering method to deliver rTM456 to the surface of macrophages

to be used as a cell-based drug delivery system.
First, TM expression levels and APC generation activity of THP-1 monocytes and

macrophages were assessed. Flow cytometry and confocal microscopy results show that
THP-1 monocytes express more TM on their cell surface than THP-1 macrophages. This

can be partially attributed to the fact that monocytes express more total TM than

macrophages, as shown by western blot and ELISA analysis. It was also determined that
during differentiation to the macrophage phenotype, monocytes shed significantly more
TM in cell medium compared to when they are resting. This increase in shedding can also

help explain why macrophages express less TM on their cell surface. In addition to

expression levels, the ability of THP-1 monocytes and macrophages to activate protein C,
a hallmark activity of TM, was assessed. Despite expressing less TM on their cell surface,
THP-1 macrophages were able to generate more APC than monocytes. It is thought that

this difference is due to possible changes in post-translational modifications, such as

glycosylation, or due to the presence of another cofactor that can help generate APC.
Overall, this study showed that TM is expressed differently by THP-1 monocytes and

macrophages and the ability of these cell to generate APC is also different.
Second, a fast and efficient method for modifying the cell surface with lipid anchors

was demonstrated. The anchoring efficiencies of DSPE-PEG2000-Biotin and Cholesterol-

PEG2000-Biotin into the membrane of RAW 264.7 cells were determined by confocal
microscopy using streptavidin-FITC as a probe. It was shown that the cholesterol-based
anchor afforded significantly better incorporation than the DSPE-based anchor. Also,

cholesterol showed a concentration dependent membrane residence time. Overall, this
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study confirmed the ability of cholesterol to be used as an anchor to re-engineer the surface

of RAW 264.7 cells.
Lastly, a lipid fusion technique to anchor rTM456 to the cell surface of RAW 264.7
macrophages was demonstrated. An azide group was introduced to the C-terminal end of

rTM456 using sortase ligation. This azide could then be targeted by copper free click
chemistry (CFCC) to introduce a DBCO-PEG2000-Cholesterol anchor. After complete

conjugation, the protein conjugate was characterized by SDS-PAGE analysis, in which
rTM456-PEG2000-Cholesterol was successfully identified. RAW 264.7 cells were then
incubated with the rTM456-PEG2000-Cholesterol conjugate and analyzed by confocal
microscopy to determine its successful incorporation. Cells showed fluorescent signal

around their border indicating the ability of rTM456-PEG2000-Cholesterol to efficiently
insert into the cell membrane. This insertion also caused little toxicity to the macrophages

as determined by MTT analysis. Overall, an efficient method for introducing rTM456 to the

surface of macrophages was developed using a cholesterol anchor for lipid fusion cell
surface re-engineering.

148

CHAPTER VI

FUTURE DIRECTIONS

6.1 Thrombomodulin Expression and Shedding During Monocyte’s Differentiation
to Macrophage

6.1.1 Determination of Glycosylation Levels of TM of THP-1 Monocytes and

Macrophages
It is known that some species of TM are glycosylated. These moieties include sialic
acid and chondroitin sulfate1,2. However, the glycosylation patterns of TM expressed by

monocytes and macrophages and its effect on cellular function is poorly understood. Thus,
determining sialic acid and chondroitin sulfate levels of these forms of TM is important.

Previously, our lab determined that the global sialyation status changes when monocytes
differentiate into macrophages. This includes changes in the proportion of 2,3 to 2,6-linked
sialic acid and overall sialic acid amount3. These global changes in sialyation may be
reflected at the protein levels and may cause differences in TM activity.

To determine differences in glycosylation, TM will be immunoprecipitated from
THP-1 monocytes and macrophages. For sialic acid, total levels will be determined by LC-

MS. Relative levels of linkages will be determined by lectin-based assays. Lectins are
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carbohydrate binding proteins that are very specific for certain carbohydrate linkages.
Lectin assays to be utilized are lectin blotting and lectin based ELISAs. For chondroitin

sulfate, relative levels will be determined by western blotting and ELISA. Lastly, sialic
acid and chondroitin sulfate moieties will be removed from TM, using sialidase and

chondroitinase respectively, to see if there is any change in TM activity.

6.1.2 Determination of Levels of Endothelial Protein C Receptor on THP-1 Monocytes
and Macrophages

The reason for the increase in APC generation activity of THP-1 macrophages over

their monocyte counterpart currently remains unresolved. One possible reason for the
difference is that there is another molecule expressed or overexpressed on macrophages
that aids in protein C activation. A good candidate is the endothelial protein C receptor

(EPCR). In endothelial cells, EPCR binds protein C and positions it in a favorable
orientation to be acted upon by the thrombin-thrombomodulin complex4. EPCR has been

found to be expressed by THP-1 monocytes, but its expression levels in THP-1
macrophages is unknown5. Determination of EPCR levels by western blotting, flow
cytometry and confocal microscopy can possibly provide insight to the differences in APC
generation between the two cell types.

6.2 Cell Surface Re-Engineering with Anchoring Lipids with Different Performance
6.2.1 Testing Anchoring Efficiency and Membrane Residence Time of Different Lipid
Anchors
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Previously, the anchoring efficiency of Cholesterol-PEG2000-Biotin and DSPEPEG2000-Biotin was determined. It was shown that the cholesterol anchor was able to
anchor more efficiently than the DSPE anchor6. Optimizing the conditions for efficient

DSPE anchoring should be explored. It may take a longer incubation period to allow for

insertion but the DSPE anchor may afford a higher membrane residence time, thus allowing
added cargo to stay on the cell surface longer. In addition to optimizing DSPE anchoring
conditions, other lipids anchors should be tested to see if they can offer more efficient

anchoring methods.

6.3 Cell

Surface

Re-Engineering

of

Macrophages

with

Recombinant

Thrombomodulin Using Lipid Fusion

6.3.1 Effect of rTM456-PEG2000-Cholesterol Anchoring on Cellular Toxicity and
Activation
Brief testing of cellular toxicity showed that anchoring of rTM456-PEG2000-

Cholesterol does not show any immediate cellular toxicity. However, further analysis is
needed to ensure the cells remain healthy after modification. Since the rTM456 is being

anchored physically via cholesterol, there is the possibility of damaging the membrane and

causing small openings to form. This leads to cell leakage and eventual cell death. Testing
for cell membrane integrity, such as LDH and calcein red assays, will be needed to check
for membrane leakage. In addition to damaging the cell membrane, insertion of rTM456 into
the macrophages could cause activation of the cell. This may cause the cell to release
cytokines, which could be harmful to living systems if this application was used in vivo.

Macrophages can be activated into inflammatory and anti-inflammatory phenotypes7.
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Testing for cytokines, such as TNF-a, IL-6 and IL-10, by ELISA can help establish if the

macrophages become activated upon their surface being re-engineered with rTM456-

PEG2000-Cholesterol.

6.3.2 APC Generation Activity of rTM456-PEG2000-Cholesterol Decorated RAW 264.7

Macrophages
It was shown that rTM456-PEG2000-Cholesterol can successfully incorporate into the
cell membrane of RAW 264.7 cells. To further the idea that this system could be used as a

therapeutic, the APC generation ability of RAW 264.7 cells needs to be tested. The newly
added rTM456 should provide the macrophages with increased ability to generate APC.

6.3.3 . Membrane Residence Time of rTM456-PEG2000-Cholesterol
In addition to activity and toxicity effects of rTM456-PEG2000-Cholesterol on RAW

264.7 macrophages, determination of how long the conjugate will remain on the cell
surface is important. Measuring membrane residence time can help in determining how

long rTM456-PEG2000-Cholesterol can exert its activity. rTM456-PEG2000-Cholesterol needs
to remain on the surface an acceptable amount of time for it to be considered a possible
therapeutic.
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